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ABSTRACT

Coastal vulnerability has been gaining recognition as a critical issue, especially with the increasing
predictions of sea level rise. Susceptibility to extreme events, eutrophication, and shoreline
modification has left many coastal regions in a degraded state. Shoreline protection has
traditionally taken the form of seawalls and offshore breakwaters which can be detrimental to both
the local ecosystems and adjoining shorelines. The objective of this thesis is to analyze the
hydrodynamic and bathymetric variation that occurs within Mosquito Lagoon, Florida following
living shoreline and oyster reef restorations. The shoreline sites were sampled using a BeforeAfter-Control-Impact (BACI) design and data were analyzed to ascertain the hydrodynamic and
bathymetric variations that occurred resulting from plantings of emergent vegetation and
deployment of biogenic wave break structures. Turbulent statistics were calculated to determine
the effects of nearshore emergent vegetation on the incoming currents and waves. The vegetative
growth in conjunction with the wave break structure was shown to reduce the onshore velocities
to 46% of those observed at the reference site. Surveys among restored and degraded shorelines
and oyster reefs exhibit average crest heights 10-20 cm lower in the restored sites. Nearshore slopes
at the hard armored TM Seawall site were over 161% steeper than the restored sites comprised of
emergent vegetation and wave break structures implying that scour was present at the toe of the
structure from potentially reflected wave energies and increased swash velocities. Quantifying the
hydrodynamic and geomorphic processes at work within restored shorelines and reefs may aide
managers in best practices both in selection of viable restoration sites and with proper
implementation of restoration techniques.
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

1.1 Problem Statement and Literature Review

Shoreline erosion jeopardizes human assets, terrestrial and marine species, and valuable ecosystem
services. Specifically, estuaries and coastal regions have been shown to provide spawning and
nursery habitats and maintain connectivity from marine to terrestrial ecotones (Sheaves et al. 2015)
in conjunction with providing shoreline stability and wave attenuation from the presence of
vegetation (Gedan et al., 2011). With historic reductions in wetland habitats of 67% from
eutrophication, exploitation, and destruction (Loetz et al., 2006), the resilience of these systems
may be compromised, especially with their land use changes to aquaculture and agricultural lands
(Kriwan and Megonigal, 2013). The risk from sea level rise for salt marshes and tidal freshwater
regions compounds these issues with Intergovernmental Panel on Climate Change (IPCC) models
suggesting that areas will be reduced by up to 45 and 39% by 2100, respectively (Craft et al.,
2009). With reductions of almost half of their area, salt marshes are hampered by the fact that 90%
of current marshes will be unable to maintain accretion rates needed to keep up with sea level rise,
suggesting that the issue is crucial to solve before it becomes unmanageable (Crosby et al., 2016).
Stabilization and reinforcement of these degraded shorelines is of the utmost importance given
that 10% of the world’s population lives within coastal regions with elevations lower than 10 m
above mean sea level (McGranahan, Balk, and Anderson, 2007). With global sea levels projected
to rise by 60 cm (Soloman et al., 2007) to possibly as high as 1 m (Pfeffer, Harper, O’Neel, 2008)
by 2100, these detrimental effects to estuarine environments from anthropogenic activities
1

including coastal development and recreational boating may be amplified. Boat wakes may
increase nearshore hydrodynamic forcings even with small vessels (Bauer, Lorang, and Sherman,
2002) leading to potential changes to erosion rates and, subsequently, nearshore morphodynamics
(Parnell, McDonald, and Burke, 2007). Lateral retreat of vegetation from these increased climatic
and anthropogenic pressures reduces the ability of the shoreline to mitigate wave and current
energy normally attenuated through vegetative drag (Mullarney et al., 2017; Anderson, Smith, and
McKay 2011).

Traditional techniques for mitigating shoreline erosion include seawalls, bulkheads, revetments,
and other hard armoring methods. Unfortunately, some of these structures have the propensity to
reflect wave energies (Miles, Russel, and Huntley, 2001) and increase scour through flanking and
increased swash velocities to the toe of structures (Plant and Griggs, 1992). With vertical
impervious hardened structures like seawalls, infiltration and percolation of onshore directed flow
is not possible (Walton and Sensabaugh, 1979) and the backwash duration is decreased. This
results in higher flow velocities and potentially less energy attenuation. This lack of energy
absorption and dissipation has been shown to induce beach narrowing and lead to erosion and loss
of adjoining shorelines (Fletcher, Mullane, Richmond, 2007). In extreme events, some hardened
structures like bulkheads may perform poorly when compared to vegetated marsh shorelines
without manmade armoring (Gittman et al. 2014). Alternative designs which integrate shoreline
stabilization with promotion of natural ecological function of coastal zones may provide a costeffective solution to a pervasive problem. However, understanding of the hydrodynamic,
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sedimentation, and morphological implications from restored coastal regions is limited and further
understanding may allow us to better assess the efficacy of these methods.

1.1.1 Living Shoreline techniques

Seawalls and barriers predominate coastal protection strategies but provide a hard break between
marine and terrestrial ecotones. These structures are shown to have reduced quantities of mobile
species when compared to their natural rocky shoreline counterparts (Chapman, 2003). Even when
species abundance is not diminished, the intertidal assemblages that are supported by these vertical
barriers and offshore breakwaters are substantially different from their natural counterparts on
rocky shorelines (Firth et al. 2014, Bulleri and Chapman 2004, Vaselli et al., 2008). Also, designs
are often inadequate for meeting the new demands placed on coastal regions due to sea level rise
and projections seawall overtopping leaves coastal communities at risk (Wang et al., 2012).

Living shorelines address these issues with a soft armoring technique aimed at shoreline protection
and stabilization while maintaining local ecological functions. Various techniques are
implemented based upon wave climate and overall system energy to allow gradual transitions
between natural marine and terrestrial systems while dissipating incoming wave and current
energies. In addition to added shoreline resilience, terrestrial to marine ecosystem connectivity and
3

the subsequent refuge from predation allow for higher species abundance and diversity when
compared to hard armoring methods (Gittman et al., 2016). Restoration techniques generally
involve planting of emergent vegetation native to the region with cordgrasses and mangroves being
a common flora implemented in salt marsh and estuarine regions. Natural emergent vegetation
including cordgrass (Spartina Alterniflora) and Red Mangroves (Rhizophora Mangle) are often
planted nearshore in the intertidal zone to assist in stabilizing the shoreline through wave
attenuation and subsequent deposition of sediment. This placement of vegetation shows a marked
difference in the nearshore hydrodynamic characteristics when compared unvegetated shorelines
(Leonard and Croft, 2006). Submerged aquatic vegetation may also be utilized in the living
shoreline design (Curran, Chappelle, and Deaton, 2010) and seagrass beds in particular have been
shown to contribute to the attenuation of wave energies (Fonseca and Callahan, 1992). While
vegetation has been recognized for its ability to reduce incoming flow velocities and attenuate
wave and current energies, it has been shown that living shoreline implementation may yield the
benefit of carbon sequestration which is not present with the utilization of seawalls and other
hardened structures (Davis et al., 2015). Along with carbon sequestration, nutrient uptake of
additional planted marsh fringes can aide in enhancement of water quality. Currin, Delano, and
Valdes-Weaver (2006) looked at recently restored shorelines planted with Spartina Alterniflora
and found a few notable benefits. Over the course of their study, accretion rates in the restoration
site were approximately 2 times greater than data from natural marshes. This is significant,
showing that the process of restoration may be beneficial in mitigating against areas vulnerable to
coastal erosion. In conjunction with the increased sedimentation rates, vegetation density in the
marsh fringe was equivalent to natural control sites within the period of 3 years. Vegetation density
4

has often been used in describing a solid volume fraction which incoming flows and waves can
encounter, along with indicating aboveground biomass which may indicate nutrient removal.

To assist in reducing incoming wave energies with newly planted vegetation along with reducing
the effect of waves, breakwater deployments are often used in conjunction with planted native
vegetation. Biogenic breakwaters in the form of oyster reefs have been shown to promote increased
species diversity and ecological abundance in the region between the shoreline and deployment
(Scyphers et al., 2011) in addition to having the potential as a settling site for entrained oyster
larvae. Restoration efforts for oyster reefs have shown that even with after significant degradation,
oyster densities and recruitment levels were shown to be sufficient to consider them both
ecological and fisheries-based successes (Powers et al., 2009).
Many numerical studies have looked at the transmission of waves over porous submerged
breakwaters and their ability to reduce wave energy through frictional dissipation, deflection, and
dampening such as Kobayashi and Wurjanto (1989), Dalrymple, Losada, and Martin (1991),
Seabrook and Hall (1998). With breakwaters, much like porous beds, increases in porosity and
friction were found to increase flow resistance leading to increased wave decay in a numerical
study from Tsai, Chen, and Lee (2006).

1.1.2 Hydrodynamics

Aquatic vegetation patches have been shown to reduce incoming current velocities within the patch
by means of increased drag (Nepf, 1999) resulting from the patch when compared to unvegetated
5

regions. This drag is generally represented as a bulk drag coefficient 𝐶𝐶𝐷𝐷 and applied to the entire

vegetated region. Being able to quantitatively characterize this bulk drag is useful for shoreline
restoration and flood prevention (Stoesser et al., 2003). Vegetation in coastal regions varies, with
flexible submerged aquatic vegetation (SAV) in the subtidal region and emergent relatively rigid
vegetation (marsh grasses, reeds) in the intertidal zone. These vegetation exhibit different
resistance mechanisms to incoming flows (Nepf, 2012a; Nepf, 2012b; Pujol et al., 2013).

Submerged Aquatic Vegetation (SAV) has been shown to have a significant role in the alteration
of nearshore hydrodynamics. The canopies of submerged aquatic vegetation create a layer of
turbulent mixing and transitional point between the free shear layer above the canopy and turbulent
layer residing within the vegetation. When assessing the impacts of nearshore vegetation on
current dissipation, it is important to consider the tidal fluctuations which can lead to vegetation
being emergent, submerged, and transitional. Nepf (2000) described various zones based upon the
ratio of vegetation height (ℎ) to water depth (𝐻𝐻) with the emergent condition occurring at

𝐻𝐻
ℎ

= 1.

Here at emergence, the turbulence scale transitions from being one dominated by bed shear to a
stem scale wake regime. This transition to the emergent single element wake yields a significant
reduction in the eddy size from the separation of the vertical exchange zone in the upper canopy
into multiple smaller stem generated eddies. These stem generated eddies occur in the lower
longitudinal exchange zone where advection of flows to the surrounding water is mainly based
upon stem morphology and the stem Reynolds number. As the ratio increases from unity, a distinct
shear layer develops at the top of the now submerged canopy. This stress involved from the top of
the canopy is no longer dependent on morphology, flexibility, and stem diameter as is the case in
6

the emergent scenario, but instead depends only upon the vegetative form drag and mean flows as
the plant reconfigures itself with respect to the flow (Sand-Jensen 2003; Nikora 2010). This stress
adds momentum to the interior canopy flows at an increasing rate with increased depth ratios until
it becomes the controlling factor at ratios surpassing 10. SAV in the form of seagrass beds has
been shown to reduce near bed flows and promote stabilization of sediment through an order of
magnitude greater critical bed shear stress as compared to unvegetated, bare beds (Widdows et al.
2008).
With medium to dense vegetation patches, as vegetation transitions from submerged to emergent,
the predominant turbulence generation mechanism shifts from shear force to stem scale wake
generated turbulence. The hydrodynamic mechanisms at work through this emergent vegetation
can subsequently be categorized based upon the density of the patch with vegetation density
typically defined through cylindrical representation of individual stems.
Nepf (1999) defines this vegetation density from stem diameter and quantity of stems per unit area
as a frontal area per unit volume (α),
α = 𝑛𝑛𝑛𝑛 =

𝑑𝑑ℎ

∆𝑆𝑆 2 ℎ

=

𝑑𝑑

(1)

∆𝑆𝑆 2

with n as the number of stems per unit area, d as the stem diameter, h as flow depth, and ∆S as the
space between the stem elements. This allows for a solid volume fractional representation (φ) of
vegetation within the patch represented by
𝑑𝑑2

(2)

φ = 𝑎𝑎𝑑𝑑 = ∆𝑆𝑆 2

Within this patch there are three distinct zones that occur beginning with a diverging flow at the
leading edge of the patch, a fully developed flow within the patch, and a shear layer which forms
7

at the interface of the patch and the channel (Zong and Nepf, 2010). Within the idealized
cylindrical patch array, flow reductions from preferential routing can occur through two main
mechanisms, mechanical and turbulent diffusion. Mechanical diffusion through emergent
vegetation results from the different flow paths taken by fluid particles as they pass between the
stems. The particles are dispersed as they meet with the stem frontal areas which act to form a
porous obstacle to the flow. The turbulent diffusion, in which the scale of the fluid velocity and
the stem diameter introduce a rapid mixing of the fluid passing through the array, can be combined
with the mechanical diffusion as a net diffusivity.

Within areas that have large amounts of vegetation, Mazda et al. (1992) showed that the flow
resistance is mostly based upon the vegetative drag force which dominates the bed friction. This
force is based upon the projected or frontal area of the vegetation with respect to the volume of
water. This vegetative drag facilitates reductions in mean flow velocity and near-bed stress within
the patch which allows for sediment deposition and potential protection against entrainment. For
very low density patches, turbulence intensity is increased when compared to unvegetated regions
due to the stem scale wake production dominating the effects of bed shear. As this density
increases, wake sheltering can occur, reducing the drag on downstream elements which in turn
decreases turbulence intensity further into the vegetation patch. Preferential flow paths are possible
at these elevated densities and bleed flow can be present behind the patch. Once patch density
reaches a specific threshold (ad=0.1) the patch behaves as a single unified obstacle to the flow
(Chen et al., 2012).

8

While most of the preceding research involved emergent marsh grasses, the representation of these
vegetation as cylindrical elements is also applicable for analysis of flows in many types of coastal
and estuarine vegetation, including mangroves. Red mangroves (Rhizophra Mangle) have a unique
prop root structure which extends from the canopy of the tree downwards into the bed, stabilizing
the plant and creating a radial matrix of roots through which water may flow and nutrients may be
supplied (Jenik, 1978). Sonneratia and Avicennia species of mangroves produce a quite different
set of emergent vegetative arrays through the production of aerial roots called pneumatophores.
These roots extend from the bed upward through the water column and have a more uniform shape
when compared to prop roots. Pneumatophores have a significant influence on both turbulence
and mean flow fields within their complex arrays (Norris et al., 2019). Both root structures have
been used to describe the alteration of local hydrodynamics in their presence using mimics and
numerical models (Hortsman et al., 2018; Zhang, Chua, and Cheong 2015; Hashim and Catherine
2013).

Norris et al. (2017) looked at the effects of pneumatophore density on turbulence dissipation
through a mangrove forest and found that dissipation was most pronounced at the fringe of the
mangrove forest where the density of the pneumatophores was highest. Vegetation density shows
a positive correlation with turbulence kinetic energy (TKE) dissipation but other hydrodynamic
factors including wave heights and water depths also influence the potential for TKE reductions.
This area of high energy at the fringe also has implications for sedimentation processes within
mangrove fringes and subsequent forests as the high turbulence generation at the fringes can
entrain sediment which is later deposited as the stem density decreases further into the forest. In
9

addition to the variability of stem spatial density and distribution, temporal tidal cycles are pivotal
in comprehending how hydrodynamics within vegetation affects sedimentation in coastal regions.
Furukawa and Wolanski (1996) found that suspended sediment was entrained and subsequently
transported from the turbulence generated in the complex root structure of the dense fringe
mangroves. Entrained sediment was transported into the interior forest area during the increased
current velocities occurring in the flood tide. Sediment are subsequently deposited during the slack
tide when stagnation creates minimal velocities and insufficient turbulence to maintain suspension
of entrained particles. This result is even more pronounced at the Avicennia-Rhizophora interphase
(Kathiresan, 2003). Ebb tidal flows encounter additional vegetation as they recede from the forest
toward the seaward fringe and the frictional resistance of this dense vegetation prevents additional
resuspension of the deposited particles yielding a net accretion over time.

Bed shear stresses and turbulence within the near-bed region play a crucial role in the prediction
of both sediment erosion and deposition characteristics in estuarine environments. Bed shear stress
is directly related to the flow in that
(3)

𝜏𝜏0 = 𝜌𝜌𝑈𝑈∗2

Where 𝜏𝜏0 is bed shear stress 𝑈𝑈 ∗ is shear velocity and ρ is fluid density.

When looking at flows Reynolds decomposition can be used to separate the flow into a mean flow
value and fluctuating components given by:
(4)

𝑢𝑢 = 𝑢𝑢 + 𝑢𝑢′ + 𝑢𝑢�

Where 𝑢𝑢 is the flow velocity, 𝑢𝑢 is the mean of the flow, 𝑢𝑢′ is the fluctuating component due to
turbulence, and 𝑢𝑢� is the sinusoidal fluctuation due to waves.
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While 𝑢𝑢 is indicative of a one dimensional flow, turbulence fluctuations in natural environments
are three dimensional comprising of 𝑢𝑢, 𝑣𝑣, and 𝑤𝑤 components. These components can be combined
across three dimensions to give the Turbulent Kinetic Energy (TKE) per unit mass from:
𝑇𝑇𝑇𝑇𝑇𝑇 =

2

2

2

��𝑢𝑢 ′ �+�𝑣𝑣 ′ �+�𝑤𝑤 ′ � �
2

(5)

Calculations of bed shear stress from near bed velocity measurements using Acoustic Doppler
Velocimetry have yielded a multitude of prediction methods for this. Kim et al. (2000) looked at
these various methods for calculation of bed shear stresses including:
the Logarithmic Profile (LP) method which equates the mean velocity to shear velocity and the
von Kármán constant (an integrated value which is based upon bed roughness)
the Covariance (COV) method which relates the square of the shear velocity to Reynolds shear
stresses in fully turbulent flows the TKE method which involves proportionality constants to
modify TKE based upon linearly defined relationships with turbulence and energy generated from
shear. All of the methods assume measurements take place within the logarithmic layer of the
velocity profile. It has been shown that the TKE method is the most consistent method with the
lowest degree of variability.

The role of vegetation in prevention of nearshore erosion comes from two factors. Firstly, the
reductions in water velocities from the vegetative drag promote the accumulation of sediment
through settling of suspended particles. The second factor involves prevention of resuspension of
deposited sediment through dissipation of wave and current energies from the canopy and stems
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of aquatic vegetation. Garcia and Duarte (2001) verified this by showing that the net flux from
vegetated beds of Posidonia oceanica seagrass as compared to unvegetated ones yielded a
significant increase in the retention of sediment. They concluded that the turbulence reduction
within the vegetation canopy contributed to the resistance of sediment resuspension resulting in
the sediment flux out of the vegetated patch coming from the top 1 mm of sediment compared to
the top 3 mm within the unvegetated patch. The importance of combining both ecological and
engineering based practices is important as the potential for roots to bind sediments under wave
action is based upon both sediment characteristics, wave climate, and plant structure (Feagin et al.,
2015). Reductions in the levels of SAV through eutrophication can create a positive feedback loop
as Kemp et al. (1983) describe the increase in turbidity and algae reducing the light penetrating
the water column to reach the seagrass and thus promoting further turbidity from lack of a
vegetated canopy. Not just restricted to coastal environments, these reductions in erosion are also
present in vegetated river channels as compared to bare channels. Beeson and Doyle (1995) found
that after flood events resulting in large scale bank erosion, vegetated bends were 30 times less
likely to experience erosion than unvegetated ones. These reductions in erosion and potential for
accretion are dependent on stem and canopy morphology along with patch density. Sand-Jensen
(2008) showed that in dense patches of Ranunculus peltatus fine sediments settled at the root
shoots with coarsening of sediment occuring downstream. Additionally, when they looked at
Sparganium emersum with an open canopy and streamlined leaves, minimal effects on flows and
sedimentation were observed.

12

In addition to SAV, emergent vegetation has been shown to alter sedimentation processes. Van
Santen et al. (2006) observed sediment dynamics within an estuarine mangrove and found that
bare mudflats have much greater erosion rates and lower sedimentation rates prior to being
colonized by mangroves. Mangrove presence was found to have a long term, sustained, net
accretion effect whereas the mudflats showed a cyclical erosion and deposition pattern based upon
wet and dry seasons. Following mangrove recruitment and subsequent colonization, sediments that
did deposit within the mangroves were finer and contained more clay particles compared to the
mudflats. This result was also reported by Wolanski et al. (1998) who furthered that sediment fines
trapping was reinforced within mangrove fringed embayments in shallow waters. Stem density of
vegetation plays an important role in describing the potential for sediment trapping in the presence
of waves. Gleason et al. (1979) tested how variation in stem density affected the accumulation of
sand. Stem density was directly correlated with sediment retention rates. The largest rates were
found in densities that emulated mature plantings of cordgrasses with deposition occurring further
seaward with increasing density.

Waves can contribute a large amount of energy to coastal systems and may be pivotal in predicting
increased shoreline erosion potential. According to Zhang et al. (2004) higher sea levels from
global warming have significantly exacerbated this problem as waves now reach further up the
beach profile which facilitates sediment movement seaward. Waves may be generated from either
wind across a fetch or from the wake of a marine vessel. With vessel wakes, many different
mechanisms contribute to the wave forces generated by the passing ship. Maynard (2007)
identified these wake forces including: waves from both the bow and the stern of the vessel,
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drawdown from the hull displacement, and return velocities which occur from the acceleration of
bow generated waves as they travel towards the stern of the moving vessel. After generation, wakes
move as a train with longer period leading waves being followed by higher frequency waves in a
distinct chirp signal identified by the transitional frequency of the waves. In lower energy fetch
limited environments, vessel generated wakes may account for a large percentage of the total wave
energy despite their limited presence. Houser (2011) found that boat wakes in the Savannah River
on the eastern coast of the United States comprised only about 5% of the observed waves, yet the
energy contribution was equivalent to 25% of the total wave force of the system.

Incoming wave energies can be dissipated by fringe vegetation in coastal regions providing some
sheltering from the effects of shoreline retreat due to erosion. Wave energy induces orbital motion
in the water column and, in the absence of vegetation, is attenuated through the effects of bed
friction and shoaling on the wave as it propagates towards the shore. Wave energy can be
considered a function of its height such that
1

(6)

𝐸𝐸 = 𝜌𝜌𝜌𝜌𝐻𝐻2
8

where E is wave energy density, ρ is fluid density, g is gravitational acceleration, and H is wave
height.

Bed friction and shoaling are significantly overshadowed in the presence of vegetation and Yang
et al. (2012) showed that salt marsh marginal vegetation accounted for 80% of the energy
dissipation of incoming waves. The rate of attenuation was up to 2 orders of magnitude greater
than an adjacent unvegetated mudflat. Plant height was shown to have an inverse correlation with
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reductions in wave heights with taller emergent marsh grass such as Spartina Alterniflora showing
a greater propensity for reducing wave heights. In addition to plant height, relative wave height
(the ratio of wave height to water depth) showed that lower relative wave heights produced a more
significant attenuation through the vegetation. Moeller, Spencer and French (1996) also found that
saltmarshes in general attenuate wave energy better than nearby sandy bottomed shores with wave
energy reduced by roughly 50-100% compared to 2- 55% within the sandy shores.

Quartel et al. (2006) described the importance of recognizing the role of cohesive fine sediment in
wave attenuation that is usually present within mangrove forests. They found significant wave
energy decay throughout the forest that could be attributed to both the bottom friction and the drag
force from the friction within the trunk network of the mangrove prop roots. When comparing this
decay to the adjacent sandy, unvegetated beaches, the energy reductions from emergent vegetation
were up to 7.5 times larger. Laboratory studies have validated that artificial vegetation is a good
analogue for species of emergent vegetation with numerous studies being performed (Lynett, 2007;
VoLuong and Massel, 2008; Irtem et al., 2009).

Naturally occurring offshore breakwaters like coral reefs have been shown to reduce incoming
wave energy by up to 97% with 86% attributed to the reef crest acting as a breakwater by creating
shoaling and subsequent breaking of offshore waves (Ferrario et al., 2014). Additionally, wave
breaking in the surf zone is an extremely energy intensive process and results in shoreward decay
of incident waves. The breaking waves proximity to the shoreline is important and contributes to
beach morphology through increased turbulence from the breaking process which results in
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approximately half of the total kinetic energy being lost (Terray et al., 1996). This nearshore
morphology with respect to wave breaking can be resolved into three main states (Wright and
Short, 1984):
Dissipative with gradual nearshore slopes, spilling breakers, and flat beaches.
Intermediate with plunging or spilling-plunging breakers, steeper offshore slopes with bars
and troughs, and berms/cusps.
Reflective with surging breakers, low gradient and linear nearshore profiles, and steep
beach faces.
Wave breaking is directly related to wave height and water depth with shallow water breaking
occurring when wave height exceeds 0.8 times the water depth. Gradual slopes may allow for
breaking further offshore which allows for lower energy swash bores onshore. Utilization of
engineered breakwaters allows for modification of the nearshore breaking position based upon the
local wave climate. This selection of energy dissipation location can allow for designed transitions
between higher and lower energy environments with the potential for sedimentation and possibly
seaward expansion of the shoreline.

The Turbulence Kinetic Energy (TKE) generated close to the bed as a wave shoals and breaks in
the wave boundary layer is increased fivefold and can be attributed directly as a result of the wave
and not local bed shear (Van Der Zanden et al., 2018). This turbulence can lead to changes in
sedimentation under the presence of waves with the propensity for additional turbulence
generation with the advent of a breaking wave. In the absence of waves, TKE has been used as a
proxy for calculation of bed shear stress through the calculation of instantaneous velocity
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fluctuations of current velocities (Kim et al. 2000). Exceedance of a critical bed shear stress
entrains nearshore sediment, however, small scale local turbulent fluctuations may also entrain
sediment at shear stress levels below this threshold (Diplas et al. 2008, Papanicolaou et al. 2002).
These processes are highly dynamic and in the presence of waves and currents with unsteady flow
conditions, predictions of sediment transport can become highly complicated. Entrainment and
subsequent deposition occurring from the variability of oscillatory and tidal flows can lead to
periods of scour and backfilling which can lead to a morphological equilibrium. There are a few
variations to hydrodynamics which can alter this state and lead to either net erosion or deposition.
Included in the potential erosional mechanisms are elevated wave heights from either boating
activity or extreme events. Extreme events including hurricanes and tropical storms have been
shown to drastically alter beach and nearshore morphology with coastal overwash sediment loads
of up to 225

𝑚𝑚 3
𝑚𝑚

of beach especially on the Gulf and Atlantic coasts of the United States (Morton

and Asbury, 2003). Sediment accretion and overwash loads can be ameliorated by the presence of
nearshore emergent and submerged vegetation which reduces onshore water velocities within

vegetated canopies. With boat wakes in the presence of a current, sediment suspension in nearshore
shallow waters maybe deposited further downstream contributing to shoreline erosion (Bauer,
Lorang, and Sherman 2002).
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1.1.3 Coastal Bathymetry and Sediment

Shoreline retreat of salt marsh, wetland, and estuarine fringes jeopardizes the many ecosystem
services that they provide. Erosional pressures facing these coastal regions has intensified with
increased sea level predictions (Nicholls, Hoozemans, and Marchland 1999, Leatherman, Zhang,
and Douglas 2000) and many areas around the Gulf of Mexico face the reality that subsidence
dominates accretion (Boesch et al., 1994; Callaway et al., 1997). These regions are known for their
significant ecological benefits (Boesch and Turner, 1984; Valiela et al., 2002). Along with
providing ecological diversity and mitigating wave and current energies, coastal marshes can aid
in removal of contaminants, increase organic carbon sequestration (Chmura et al., 2003), and
promote vertical accretion of sediments to protect against sea level rise. Anthropogenic effects
from river diversion may harm these coastal areas with sediment supplies and freshwater inputs
being diverted from flood control (Kingsford, 2000). DeLaune et al. (2003) looked at the role of
salinity and the reconnection of fresh water sources to marshes through diversion of freshwater
from regions which were disconnected from levees. They found that reintroduction of historic
freshwater flows reduced the mineral sediment requirement for growth of marsh vegetation
through a transitioning from saltwater to brackish waters. This in turn can have the benefit of
increasing vegetation density and promoting additional accumulation of sediment through flow
baffling within the existing vegetation patches. Ortel, Wong and Conway (1989) looked at
sedimentation rates in the fringes of marshes and concluded that the relationship between accretion
and sea level rise was directly related to the input of coarse grained sediment. They did, however,
give the caveat that even deposition of fine grained soils during tidal cycles could produce a
18

constant accretion rate that was close to that of predicted sea level rise. They stressed the
importance of looking at facies to separate the temporal variations in sediment deposition from
short-term and long-term events. In addition to sediment supply and grain size, vegetative biomass
plays an important role in the accretion rates for salt marsh and coastal fringes. Morris et al. (2002)
found that dominate macrophytes within a marsh system regulate surface elevation within the
intertidal zone through accumulation organic matter and sediment trappings comprised of
inorganic minerals. With reduced surface elevations, the system may become unstable and
vegetation may be unable to keep up with relative sea level rise while maintaining an inundation
level within their tolerance range.

Tidal fluctuations in estuaries have an effect on sediment’s propensity for suspension or erosion
through increased turbulence and mixing during spring tides within the spring-neap tidal cycle,
and its partially mixed to stratified flows during spring tides (Allen et al., 1980). In addition to the
spring-neap cycle, temporal variation in suspended sediment and depositional patterns have been
shown to be controlled by tidal inundation with factors including surface elevation and proximity
to marsh edges and creeks (Temmerman et al. 2003) having a greater effect than the presence of
vegetation. Tidal currents through vegetation, however, may induce spatially variable patterns of
deposition based upon the occurrence of stagnation zones which may trap suspended sediment
brought into mangroves during flood tides by as much as 80% of the total suspended sediment
load (Furukawa et al., 1997). In addition to stagnation zones, currents in these vegetative matrixes
can create highly complicated flows involving jets and eddies which are temporally variable with
changes in water depths and flow directions throughout the tidal cycle. This leads to a variation in
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flow conditions where slower velocities can have more laminar flow characteristics and
subsequent increases in velocity may generate eddies at stem and patch scale wakes which can
lead to this temporal variation in the spatial distribution of the sediment through erosion-deposition
cycles.

Sediment characteristics plays a crucial role in determination of wetland and marsh morphology
and morphodynamics. Moskalski and Sommerfield (2012) examined the sediment deposition and
retention in a salt marsh to ascertain the influences of suspended sediment concentrations (SSC),
settling velocities, and distribution of sediment across the tidal ranges within the marsh. They
found that the key to spatial depositional patterns across the marsh was the suspended sediment
concentrations and their respective settling velocities. Settling of larger particles closer to tidal
creeks was observed and can show the transition from coarse to fine particles across a distance to
the supplying water body as confirmed by other studies (Leonard 1997; Temmerman et al. 2002).
Furthering this work, Voulgaris and Meyers (2004) found that sediment delivered to a marsh
system would generally end up depositing within the lower marsh, banks, and bed of the upper
creek showing the extent landward to which tidally introduced sediment would settle. They found
that while spring tides could provide greater suspended sediment to the marsh, ebb tides were
capable of resuspending the fines deposited on the bed. Settling velocities were determined with
the importance of grain size for flocs being highlighted.
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1.1.4 Thesis Outline

The interconnection between hydrodynamics, sediment, and bathymetry contribute to the
nearshore dynamics within coastal estuaries. The main objective of this thesis is to quantify and
describe how restoration within these regions modifies a degraded region as it transitions into a
potentially more stable shoreline or reef. The changes occurring as a result of the implementation
of a living shoreline based upon a BACI design are presented in Chapter Two. Chapter Three
provides the results of extensive surveying of nearshore and in channel bathymetry using Real
Time Kinematic - Global Position System (RTK GPS) instrumentation at degraded and restored
oyster reefs and shoreline sites. Finally, Chapter Four reports the results from a block design
experiment to test various configurations of wave break structure deployments to aide in optimal
deployment of these structures for use in stabilization of degraded shorelines.
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CHAPTER 2: HYDRODYNAMIC CHANGES FOLLOWING A LIVING SHORELINE
RESTORATION BASED UPON A BACI DESIGN

2.1 Abstract

Living shoreline restoration using native vegetation and nearshore structural components can
potentially stabilize degrading shorelines, increase ecosystem function, and accrete in response to
sea level rise. However, there are few detailed field studies and quantitative data assessing
hydrodynamic changes occurring directly as a result of living shoreline implementation. To
provide such valuable information to managers and policy makers, a study was performed in
Mosquito Lagoon, Florida, gathering data at a degraded control, a densely vegetated reference,
and an initially degraded site that was restored with living shoreline technique. Measurements at
all sites were conducted before the restoration, immediately after, four months after and for 16
months after the restoration. Two months after restoration Hurricane Irma made landfall in Florida
and affected Mosquito Lagoon. Hydrodynamic gradients from channel to shore were determined
with high-resolution acoustic instrumentation. Vegetation densities and sediment characteristics
were also monitored to determine reciprocal feedbacks among flow - vegetation - sediment in this
dynamic environment. Results indicate that turbulent kinetic energy dissipation rate is greater at
both the reference and restored sites compared to the bare control site, due to the interaction of the
flow with upstream obstacles. This study demonstrates living shoreline’s resilience to extreme
events with extensive vegetation growth and increased organic soil content following hurricane
Irma. This dense vegetation growth at the restoration site led to a reduction in onshore mean
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velocities and increases in fine sediment fraction comparable to the stable, mature vegetated
reference site.
2.2 Introduction

Many coastal regions are in jeopardy of wetland loss exacerbated by increased frequency and
severity of hydrologic hazards posed by a changing climate (Nicholls et al. 1999; Nicholls and
Cazenave 2010; Tebaldi et al. 2012), sediment supply reductions from anthropogenic river
modification for flood control (Syvitski et al. 2005; Blum and Roberts 2009), and eutrophication
from increasing nutrient loads (Howarth et al. 1996; Smith et al. 2003). With over 10% of the
world population living at elevations lower than 10 m above mean sea level (McGranahan et al.
2007) and the projected acceleration of sea level rise (Nicholls and Cazenave 2010), protection of
these vulnerable regions is vital. In particular, shoreline erosion can infringe upon nearshore assets
and put properties at risk along with increasing suspended sediment levels and decreasing water
quality. Reinforcement of shorelines is therefore necessary to limit the extent of coastal retreat and
preserve water quality.

Traditional strategies for shoreline protection utilize hardened structures (e.g. bulkheads, seawalls,
revetments) to stabilize vulnerable shoreline sediments. Hard structures often change local
hydrodynamics through redirection of currents and reflection of waves (Miles et al. 2001). Wave
reflection from hard structures may cause modification to sediment transport, erosion rates, and
nearshore morphology through augmented swash velocities (Plant and Griggs 1992; Griggs 2005).
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Additionally, seawalls and bulkheads may effectively eliminate the intertidal ecotone and decrease
connectivity between terrestrial and marine systems, leading to reduced aquatic and shoreline
biodiversity (Bozek and Burdick 2005; Gittman et al. 2016a), and lowered potential for
biogeochemical transformations. In addition, wetland vegetation also plays a crucial role in the
sequestration of carbon (Chmura 2009; Mcleod et al. 2011; Mitra and Zaman 2015; Ridge et al.
2017) with wetlands being recognized as a crucial component of the biological carbon pool
(Chmura et al. 2003).

Recent trends in coastal protection and shoreline stabilization have moved towards a softer
armoring approach utilizing native vegetation and materials produced by living organisms (e.g.
biogenic breakwaters). These living shoreline stabilization methods may assist in creating a
nursery habitat for biota (Coen et al. 1999; Gittman et al. 2016b) and promote natural ecotone
processes while stabilizing eroding shorelines (Polk and Eulie, 2018). Stabilization of shorelines
is presumed to occur through reduction of hydrodynamic energy and trapping of sediment (Piazza
et al. 2005; Gedan et al. 2011; Horstman et al. 2014) with wetland vegetation also preventing wave
erosion through modification of soil parameters (Feagin et al. 2009). Use of native wetland
vegetation to stabilize eroding shorelines is supported by emerging scientific literature regarding
flow-vegetation interaction and its effect to sediment transport (Bouma et al, 2005; Temmerman
et al. 2005; Larsen and Harvey 2010). In lab studies, emergent vegetation has been shown to
influence flow by increasing drag, resulting in reduced mean current velocities (Nepf 1999). This
is attained by converting a portion of the incoming mean kinetic energy to turbulent kinetic energy
through the interaction of flow with vegetation stems. Such an interaction generates eddies
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downstream of individual stems, mostly due to flow separation, and increases turbulence (Nepf
2012). The net effect on sediment transport from the combination of reduced flow velocity due to
enhanced vegetation drag and increased instantaneous shear stresses due to turbulent bursts
depends on the vegetation density (Yager and Schmeeckle 2013, Yang et al. 2016, Yagci et al.
2017). Vegetation patches of finite size promote sedimentation at their downstream (Follett et al.
2012; Gurnell et al. 2012) due to the formation of a zone of suppressed velocity and turbulence
(Takemura and Tanaka 2007; Zong and Nepf 2012, Kitsikoudis et al. 2016); however, lateral
accelerations around the patches inhibit lateral growth (Bouma et al. 2007). Neumeier and Amos
(2006) found that emergent Spartina alterniflora reduced turbulence near the bed which may
enhance sediment deposition. Norris et al. (2017) examined the role of turbulence interactions
within mangroves. They found that the intensity of turbulence produced from interaction with
vegetation is largest at the fringe of a mangrove patch. This turbulence is subsequently dissipated
at various rates within coastal mangrove forest, with increased dissipation corresponding to
increased vegetation density. However, characteristics of the vegetation are highly influential to
these processes (Järvelä 2002; Augustin et al. 2009; Stoesser et al. 2010). The dependence on these
vegetation characteristics, specifically density, was also noted to be a crucial factor affecting local
hydrodynamics under the influence of waves through increased wave attenuation (Horstman et al.
2012; 2013).

While the aims of living shoreline stabilization are multi-faceted, much available data focus on the
ecological impacts of their implementation (Scyphers et al. 2011; La Peyre et al. 2014; Davis et
al. 2006). Quantitative field data indicating how living shorelines alter nearshore hydrodynamics
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do not exist to the authors knowledge, yet may be crucial to understanding the hydrodynamic and
ecological transitions occurring following the implementation of a living shoreline restoration.
Therefore, many process-level questions remain unanswered, such as the precise mechanisms by
which living shorelines effect sediment transport within the shoreline. The objective of this study
is to observe shoreline hydrodynamics throughout living shoreline restoration and to discern
hydrodynamic changes, from the time of restoration to more than one year after restoration,
including through landfall of an extreme event. We apply a Before-After-Control-Impact (BACI)
experimental design with multiple controls, to compare hydrodynamic changes within the restored
shoreline to those occurring simultaneously in controlled reference-condition and degraded
shorelines. This is the first such experimental assessment of hydrodynamic effects related to living
shoreline stabilization.

2.3 Methods

2.3.1 Study Location and Experimental Design

Three adjacent shoreline study sites were selected from the east bank of Mosquito Lagoon, located
on the Atlantic coast of Florida (Figure 1). Mosquito Lagoon is a shallow (mean water depths < 3
m), microtidal estuary located within a subtropical region. Air temperatures range from 2 to 36 °C
and yearly average air temperatures are 22 °C. Precipitation levels are 125 cm during the rainy
season from May to October and estuary salinities may reach up to 40 ppt (Down and Withrow,
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1978). Mosquito Lagoon is the northernmost water body of the Indian River Lagoon, which spans
156 km of Florida’s Atlantic coast and is recognized for its biodiversity.

Figure 1: Site locations within Florida’s Mosquito Lagoon

Vegetation within the lagoon is varied, but along shorelines common species include Spartina
alterniflora (emergent marshgrass) and Rhizophora mangle (red mangroves) at the seaward edge.
Moving inland to the upper limit of the intertidal zone and into the supratidal zone, vegetation
transitions to Avecinnia germinans (black mangroves) and Laguncularia racemosa (white
mangroves). Berms created in conjunction with historical mosquito impoundments have
artificially steepened shoreline slopes and have affected vegetation and fish communities through
hydrologic disconnection (Brockmeyer et al., 1996). Loss of wetland vegetation and shoreline
erosion is evident in many locations throughout the lagoon.

The study sites (Figure 2) each comprised approximately 75 m spans of shoreline, including: 1) an
unvegetated, actively degrading site (Control site), 2) a stable shoreline densely populated by red,
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black, and white mangroves (Reference site), and 3) an unvegetated, actively degrading shoreline
that was restored during this experiment using living shoreline techniques (Restore site).
a)

b)

c)

d)

e)

f)

Figure 2: Sampling locations with:
a) Restore site before restoration b)1 month after restoration c) Restore site
6 months after restoration d) Restore site 15 months after
e) Reference site f) Control site

The Restore site was stabilized in summer 2017 with a living breakwater structure and planted
vegetation. The structure was constructed using nylon mesh bags filled with disarticulated oyster
shell. Individual oyster shell bags (each one approximately 90 cm length, 35 cm width, 25 cm
height) were stacked in a double layer and joined together with zip ties to create a structure along
the shoreline in spans measuring approximately 6 m long, by 0.90 m wide, by 0.50 m high. The
structure was constructed within the upper limits of the intertidal zone, approximately 3-5 meters
from the shoreline slope break. As required by permitting conditions, 2 m gaps were placed
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between each 6 m structure span, to facilitate passage for aquatic life, such as Trichechus manatus
latirostris (Florida manatees). On the shoreline behind the breakwaters, ten 1-gallon pots of S.
alterniflora and eight 3-year old seedlings of A. germinans, L. racemosa, and R. mangle were
planted behind each 6 m span of structure.

Hydrodynamic observations were collected over approximately 2 - 4 hour periods in each site: 1)
directly before restoration (June 2017), 2) directly after restoration (July/August 2017),
approximately 4 months after the restoration (November 2017), and 16 months after restoration
(November 2018). Hydrodynamic observations spanned a range of seasonal hydrodynamic
conditions, with summer samplings reflecting low water levels and November samplings reflecting
seasonal high water levels. An attempt was made to record hydrodynamic data 12 months after
restoration. However, at that time water levels were insufficient to sample due to deposition of
sediments and aggradation of the restored shoreline. Additionally, Hurricane Irma made landfall
in Florida as a category 3 hurricane during the sampling period, approximately 2 months after
restoration on September 10, 2017. Therefore, sampling in November 2017 occurred shortly after
an extreme event.
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2.3.2 Data Collection

At each site, high-frequency velocity and wave measurements were conducted simultaneously on
shorelines and within the nearby channel (Figure 3).

Figure 3: Example sitemap with instrumentation placements and restoration
layout. Instrumentation placements were replicated in the Control and
Reference sites

As shoreline hydrodynamics are heavily influenced by channel flow conditions, which likewise
vary with seasonal and tidal cycles, data from the channel provide necessary context for
comparison of shoreline measurements between sites and days. Flow velocities on shorelines were
observed using a Nortek Vectrino Profiler. The Vectrino Profiler was configured such that u, v, w
components of flow corresponded to alongshore, cross-shore, and vertical directions, respectively.
The positive u direction was oriented parallel to the shoreline, at an approximate compass bearing
of 330 degrees, such that positive velocities were gauged during ebb tide and negative velocities
were observed at flood tide. The instrument was levelled and configured to record a short profile
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of 3 cm at a continuous rate of 100 Hz with a 1 mm cell size. Velocity profiles were observed 4 6 cm above the bed. Surface water deformation was observed using acoustic wave sensors (Ocean
System Sensors, Sonic Wave XB), configured to record continuous surface water elevations at 32
Hz. Water levels were observed at a frequency of 0.1 Hz using HOBO U20L-004 water level
loggers.

Conditions in the shoreline sites varied from site to site, and over time in the Restore site. At each
shoreline, hydrodynamic data were collected in similar water depths (10 - 17 cm), approximately
2 - 4 m seaward from the shoreline slope break. The Control site was unvegetated and consisted
of bare sediments for the duration of the experiment. Within the Reference shoreline, instruments
were placed within prop roots of R. mangle. The Restore site was identical to the Control site
before restoration. After restoration, sensors were placed landward of the breakwater structure,
within planted vegetation, at water depths similar to measurements conducted before restoration.
In vegetated sites, care was taken to position sensors such that vegetation did not directly enter the
sampling volumes, but fluid within the sampling volumes reflected flow interaction effect of the
surrounding vegetation. No clearing of vegetation was necessary to achieve this.

Channel velocity data were collected using a Nortek Aquadopp Acoustic Doppler Current Profiler
(ADCP). Data were sampled at 2 Hz, measuring a velocity profile from the bed up to the
instruments 10 cm blanking distance with a cell size of 15 - 20 mm. The ADCP was located
approximately 9-15 meters seaward from the shoreline slope break, where channel water depths
varied from 0.60 to 0.90 m. The instrument was levelled and positioned just below the water
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surface, oriented with a down-looking configuration. The coordinate system and direction were
set to match that of the shoreline velocity sensor. A wave sensor and water level logger were colocated with the channel ADCP, configured similarly to the shoreline sensors. Wind data were
observed using a Davis Vantage Pro 2 anemometer and HoboWare data logger collecting wind
data at a resolution of 0.1 Hz. The wind station was co-located with the offshore ADCP and wave
station and mounted atop a leveled two meter metal pole secured in place with a tripod.

Hydrodynamic data were primarily recorded to assess shorelines during ambient environmental
conditions. However, passage of recreational and commercial boats created wake events with large
waves that differed considerably from ambient conditions. Boat passes were noted and data
reflecting wake conditions were omitted, such that results reported reflect ambient conditions.
However, it is notable that boating activity in the region produces hydrodynamic conditions that
differ from ambient conditions with regard to magnitude, and in some locations occurs with
sufficient frequency to potentially be a dominant control to shoreline sediment transport processes
(Herbert et al. 2018). To assess the onshore hydrodynamics of boat wakes, a series of ten controlled
boat passes were conducted approximately 25 m offshore at each of the sites during the November
2018 sampling (i.e., 16 months after restoration). A 6 m long Carolina Skiff (flat hull) outfitted
with a 90 HP outboard motor was used to complete passes on plane at speeds of ~35 knots. The
ten passes per site were replicated through tracking via an onboard GPS.

Each shoreline was surveyed along 40 m transects from the shoreline slope break into the channel
utilizing a CHC X91+ Real Time Kinematic GPS (RTK) survey device. The geoid model utilized
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was National Geodetic Survey (NGS) GEOID2012b. The GPS receiver was configured as a Rover,
and corrections from the Global Navigation Satellite System (GNSS) reference station network
were provided through the Florida Department of Transportation’s (FDOT) Permanent Reference
Network (FPRN). Individual XYZ point data (using the North American Datum of 1983 (NAD
83)) were surveyed by taking the average of 6 corrected samples from the data collector through
the SurveCE application. Data points with standard deviations greater than 1 cm were discarded
and resampled until this minimum quality threshold was met. Altogether, 35 transects were
collected, spaced approximately 4 - 7 m apart. Individual transect points were nominally 1-2 m
apart, with closer spacing at locations of rapid change. Point data were imported into Geographic
Information Systems (GIS) software and projected using NAD 1983 (2011) Florida State Plane
East (m) as the projection. ASCII XYZ point data were converted to an elevation surface through
raster interpolation using the natural neighbor algorithm and 1 m resolution. Slopes were
determined through linear interpolation of 5 - 7 replicate line segments within the surface raster
extending from the inland vegetation fringe towards the channel.

Bulk sediment samples were collected in all shorelines and channels at low and high water levels
to quantitatively assess spatial and temporal variation in bed materials. At each site, five replicate
bulk samples were taken both on the shoreline and within the channel. Sample locations
correspond to the locations of the hydrodynamic instrumentation. Sediments to a depth of 10 - 15
cm were extracted using a manual gravity core system. Overlying water was collected with the
sediments. Each sample was dried at 110 °C in an oven for at least 24 hours. Individual core
samples contained approximately 400 - 800 g of dry mass. Adhered particles were manually
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separated using a mortar and pestle. After separation, large particulate organic matter (roots,
detritus, and wood particulate > 2 mm) were ground and recombined with the sample. A 20 g
sample was collected from the portion of each sample finer than 1.19 mm (sample that passed
through a #16 sieve) and placed into a prepared crucible. Before receiving sediment, crucibles
were dried at 110 °C and cooled in a desiccator to remove residual moisture. Sample and crucible
mass were recorded, and crucibles were placed in a muffle furnace. Temperatures were
incrementally ramped up to 550 °C and samples were ignited for 16 hours. Difference in mass
before and after ignition were attributed to the organic contents of each sample. Each set of 5 core
samples were aggregated based on site (Control, Restore, and Reference) and location (shoreline
and channel) for mechanical dry and wet sieve analysis to determine particle size distribution.
Vegetation coverage of each site was monitored over the entire sampling period, before restoration,
one month after restoration, and every three months after restoration up to and including 15 months
post restoration. Two 7 m line transects per site were run perpendicular to the shore onshore where
the Vectrino Profiler was placed from the subtidal zone landward through the intertidal zone. A
0.25 m2 quadrat was used to determine vegetation percent coverage every meter of the 7 m transect
using the point-intercept method. Detailed vegetation characteristics were also recorded in
vegetated shorelines (Reference and Restore). Within a 0.25 m2 quadrat placed in the vicinity of
shoreline hydrodynamic data collection, stem density, species and diameter were recorded. Each
stem in the quadrat was measured at the water surface using calipers.

Raw velocity data were partitioned into 120 sec moving averages with a 30 sec overlap between
successive time-intervals. Each velocity time-series within the 120 sec time-intervals was
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considered quasi-steady and long enough to capture the variability of the flow. Signal-To-Noise
(SNR) ratios were high, with mean values generally around 40 dB. Despite the high-quality
statistics, Mori et al (2007) suggested that data should be additionally filtered for outliers by using
the phase-space method developed by Goring and Nikora (2002) and modified by Wahl (2003).
To determine depth-averaged velocities within the channel, velocity values across each cell were
tabulated and then integrated over the total water column for each timestep. Outliers were again
filtered with the phase-space methodology. Data contaminated by boat wakes were manually
removed from the dataset and (𝑢𝑢, 𝑣𝑣, 𝑤𝑤) were decomposed into
( 𝑢𝑢�, 𝑣𝑣̅ , 𝑤𝑤
�)

(7)
(8)

(𝑢𝑢′ , 𝑣𝑣 ′ , 𝑤𝑤 ′ )

per unit mass.

Assessment of TKE dissipation rates (ε) was performed using the structure function method
adapted to ADCP measurements by Wiles et al. (2006). Using the time-averaged fluctuations
around the mean of the vertical velocity component (𝑤𝑤 ′ ), a second order structure function is
defined as:

2
�����������������������������������
𝐷𝐷(𝑧𝑧, 𝑟𝑟, 𝑡𝑡) = ��𝑤𝑤 ′ (𝑧𝑧, 𝑡𝑡) − 𝑤𝑤 ′ (𝑧𝑧 + 𝑟𝑟, 𝑡𝑡)� �

(9)

Where D is the mean-square of the velocity fluctuations difference at a location 𝑧𝑧 within the water

column and over a distance of 𝑟𝑟 separating the two measured points. This function represents the

Kolmogorov microscale based upon the length scale (r) and characteristic velocity scales of
turbulent eddies. The 𝑤𝑤1 beam was utilized to calculate turbulent dissipation, as the noise floor is

greater in the 𝑤𝑤2 beam of the Nortek ADV (Lanckriet and Puleo, 2013).
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Relating the velocity differences of eddies within the inertial subrange based upon Taylors energy
cascade theory to dissipation yields:
𝐷𝐷(𝑧𝑧, 𝑟𝑟) = 𝐶𝐶𝑣𝑣2 𝜀𝜀

2� 2�
3 𝑟𝑟 3

(10)

Where 𝐶𝐶𝑣𝑣2 is an empirical constant between 2.0 and 2.2, with 2.0 used herein (Pope 2000).

The separation distance was calculated from the central differences between two cells as:
2
������������������������������������������������
𝑟𝑟
𝑟𝑟
𝐷𝐷(𝑧𝑧, 𝑟𝑟𝑖𝑖 , 𝑡𝑡) = ��𝑤𝑤 ′ �𝑧𝑧 + 𝚤𝚤�2 , 𝑡𝑡� − 𝑤𝑤 ′ �𝑧𝑧 − 𝚤𝚤�2 , 𝑡𝑡�� �

(11)

with 𝑟𝑟𝑖𝑖 ranging from 0.002 to 0.022 m based upon a cell size of 1 mm. Cells toward the end of the
profile range were excluded to eliminate locations of relatively poor correlation (Thomas et al.

2017). The separation distance 𝑟𝑟𝑖𝑖 needs to be within the inertial subrange for Kolmogorov’s

hypotheses to hold true and a minimum Kolmogorov lengthscale η was determined to verify values
were within this range. Kolmogorov lengthscale is defined as (Pope 2000):
𝜈𝜈3

4

(12)

𝜂𝜂 = �� 𝜀𝜀 �

where ν is kinematic viscosity, taken here as 0.9 ∙ 10−6 m2/s based on a saline water temperature
of 25 °C. Values not reaching this minimum threshold due to low velocities were discarded in
turbulence dissipation analysis.
Separation distances were subsequently fitted by least squares regression to the function:
2�
3

𝐷𝐷(𝑧𝑧, 𝑟𝑟𝑖𝑖 , 𝑡𝑡) = 𝐴𝐴𝑟𝑟𝑖𝑖

(13)

+ 𝑁𝑁

where N is an error term attributed to the inherent instrument noise (Wiles et al. 2006) and A is a
fitting coefficient. The fitted value of A is utilized in solving for turbulence dissipation rate in Eq.
(4):
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𝐴𝐴

𝜀𝜀 = � �
𝐶𝐶𝑣𝑣

3�
2

(14)

For ambient flow conditions TKE dissipation rates were calculated for the 120 s time-intervals of
the moving average. For the boat wakes, a 5 s time window was utilized with a 2.5 s increment to
obtain dissipation values over durations that are able to capture individual boat wake events. The
structure function methodology for such short durations was utilized by Lanckriet and Puleo
(2013) for measurements in the swash zone. The correlation of this difference was calculated for
each timestep and 𝑅𝑅2 values less than 0.70 were removed from analysis.
To account for variation in dissipation rates from differences in conditions (velocities, waves)
among sites and days, normalized dissipation rates were calculated by dividing dissipation rates
with root-mean-square velocity, 𝑢𝑢𝑟𝑟𝑟𝑟𝑟𝑟 = �(������
𝑢𝑢2 ) , similar to Stocking et al. (2016) yielding a
dissipation per m:
𝜀𝜀

′2

�𝑢𝑢 +𝑣𝑣

′2

(15)

3

Raw surface water deformation (wave) data were processed by filtering for outliers. Individual
values falling beyond 10 standard deviations from a mean computed across a moving window of
each 50 sample (1.6 s) period were replaced by median values. Filtered data were processed using
a smoothing function over 5 samples (0.16 s) to remove surface water fluctuation noise not
determined to be discernible periodic waves. Smoothed data were sorted into the 120 second
moving average segments, incremented by 30 seconds, over which wave statistics were computed.
A zero upcrossing method was utilized to isolate individual waves within the smoothed data
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through identification of pairs of negative to positive signal transitions. Significant wave heights
(𝐻𝐻𝑆𝑆 ) and their corresponding mean wave periods (𝑇𝑇𝑆𝑆 ) were determined from the mean of the
largest 33% of identified waves in each moving average segment.

2.4 Results

2.4.1 Shoreline morphologies, vegetation and sediment characteristics

Before restoration, the Control and Restore shorelines were unvegetated, which contrasted with
the heavily vegetated Reference shoreline (Figure 4).

Figure 4: Overall vegetation coverage among sites. Reference site maintains
continuous coverage with Restore site the greatest increases from 2% to 50%

The intertidal zone of the Control shoreline remained bare throughout the course of sampling. The
intertidal zone of the Restore shoreline was initially bare, then appreciable growth of vegetation,
specifically S. alterniflora, was observed through time. Transects taken across the shoreline
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ecotone (subtidal to terrestrial) through time indicate that vegetation cover in the Restored
shoreline increased immediately following restoration (from 2 % before to 28.9 % one month after
restoration) and then continued to increase even after hurricane Irma, two months after restoration
(Fig. 4). While vegetation cover varied seasonally, one year after restoration, vegetation cover in
the Restore shoreline had increased to 47.8 %. Over the same time period, vegetation cover in the
Control and Reference shorelines remained stable with the Reference shoreline maintaining 100
% vegetation coverage for the duration of the study (Figure 4).

Detailed vegetation measurements in vegetated shorelines reveal growth of S. Alterniflora in the
Restore site, from a bare shoreline before restoration up to a maximum stem density of 232
stems/m2 16 months after restoration (Table 1).

Table 1: Near probe vegetation characteristics
Site
Reference
Restore

Mean stem
diameter (mm)
25.7
6.7

n (stems/m2)
49.29
232

α
12.67
15.48

φ (%)
2.74
3.54

Stem densities in the Reference shoreline were lower (49 stems/m2), but mean stem diameter (25.7
± 6.9 mm) was large as compared to stem size in the Restore shoreline (6.7 ± 2.0 mm). Yet, the
solid volume fraction (ϕ) related to Reference vegetation (2.74 %) was lower than that of the
Restore shoreline (3.54 %). No vegetation was present in the vicinity of shoreline velocity
measurement at the Control site. Distinct differences are found in morphologies of the study
shorelines (Table 2, Figure 5).
39

Table 2: Shoreline (0 - 10 m from shoreline slope break) and
nearshore channel (10 -35 m) slopes
Site location
Restore
Control
Reference

0-10m
0.076 ± 0.0078
0.062 ± 0.023
0.073 ± 0.0032

Slope (m/m)
10-35m
0.024 ± 0.0024
0.018 ± 0.0066
0.016 ± 0.014

Overall
0.039 ± 0.0035
0.031 ± 0.0008
0.029 ± 0.0029

Figure 5: Shoreline and nearshore channel morphologies in Reference, Control and Restore
sites

While gradients in the intertidal zone (0.062 ± 0.023 to 0.076 ± 0.0078 m/m) and slopes extending
into the channel (0.016 ± 0.014 to 0.024 ± 0.0024 m/m) were similar among sites, the Reference
site had sediment accumulation in patches extending out from the shoreline approximately 20 m
from the shoreline. This patch was observed with increased elevations in the Reference site (~ 0.9
m above NAVD88), but these increased channel elevations were not present in the unvegetated
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Control site which had elevations of ~0.6 m above NAVD88 at the same distance from the
shoreline.

Onshore sediments collected at each of the sites contained large fractions of fine to medium sands
during most of the sampling periods (Figure 6).

b)

a)

c)

Figure 6: Onshore sediment fractions for: a) Reference site
b) Control site c) Restore site

Prior to restoration however, the Restore site shoreline sediment samples contained a much larger
percentage of fine gravel and larger (39 % > 2 mm), comprising mainly shell fragments, than either
the Reference (2 % > 2 mm) or Control (2 % > 2 mm) sites (Figure 7).
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Figure 7: Onshore sediment
distributions before restoration

In November 2017, following the restoration and the impact of hurricane Irma, values of fine
gravel and larger materials decreased at the Restore site to 11%, a 28% reduction. The opposite
effect was detected at the other sites with large increases at the Control (12 %) and Reference (21
%) sites. Onshore organic content during this period remained static within the Control and
Reference sites, but at the Restore site a threefold increase in organic content to 6.5 % was noted,
which was the largest organic content during all sampling periods (Figure 8).
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a)
b)
c)

Figure 8: Organic content for: a) Reference site
b) Control site c) Restore site

By October of 2018 the sediment distributions changes following hurricane Irma had returned to
values similar to the distributions observed prior to shoreline restoration.

2.4.2 Hydrodynamic conditions

Ambient climatic and hydrodynamic conditions varied across sites, days and seasons. Mean depthaveraged channel velocity magnitudes ranged from 2 - 9 cm/s in summer (low-water season) and
from 8 – 16 cm/s in fall (high-water season) (Table 3). During most hydrodynamic observation
periods, winds originated out of the northwest at 5-10 km/hr. However, wind varied among and
within days and periods with wind speeds up to 19 km/hr were observed.
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Table 3: Mean channel velocity and onshore mean velocity, RMS,
and √TKE ± SD
Channel

Site- Sampling
period- Season
Restore- BeforeLow 2017
Control- BeforeLow 2017
ReferenceBeforeLow
2017
Restore-AfterLow 2017
Control-AfterLow 2017
Reference-AfterLow 2017
Restore-AfterHigh 2017
Control-AfterHigh 2017
Reference-AfterHigh 2017
Restore-AfterHigh 2018
Control-AfterHigh 2018
Reference-AfterHigh 2018

(cm/s)

Onshore
𝑢𝑢�
(cm/s)

Onshore
𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅
(cm/s)

Onshore
√𝑇𝑇𝑇𝑇𝑇𝑇
(cm/s)

2.1 ± 1.2

0.52 ± 0.36

1.98 ± 0.42

2.0 ± 0.39

5.8 ± 0.54

0.32 ± 0.26

3.18 ± 1.20

2.9 ± 0.70

9.1 ± 2.1

0.16 ± 0.14

1.31 ± 1.32

4.5 ± 0.79

2.1 ± 1.5

0.20 ± 0.18

1.19 ± 0.20

1.4 ± 0.19

---

0.49 ± 0.35

0.48 ± 0.37

1.1 ± 0.38

5.9 ± 1.1

0.12 ± 0.08

4.55 ± 0.75

1.1 ± 1.1

12.8 ± 1.1

5.70 ± 0.49

5.38 ± 0.27

4.7 ± 0.26

8.0 ± 1.5

0.39 ± 0.14

2.59 ± 0.25

2.1 ± 0.19

16.3 ± 0.54

0.66 ± 0.14

2.56 ± 0.24

2.1 ± 0.17

11.4 ± 0.76

0.16 ± 0.10

0.55 ± 0.06

0.57 ± 0.07

11.9 ± 0.39

0.58 ± 0.67

0.62 ± 0.1

0.65 ± 0.13

13.74 ± 0.50

0.35 ± 0.09

1.54 ± 0.38

1.3 ± 0.26
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The ambient wave climate was mild throughout all sampling periods with mean significant wave
heights in the channel typically measuring between 0.5 – 3 cm (Table 4).

Table 4: Wind and Wave statistics during high water sampling
periods
Year

2017

2018

Mean
Significant
Site location
Wave Height
± SD (cm)
Reference
2.30 ± 0.39
Channel
Reference
1.50 ± 0.30
Onshore
Control
3.60 ± 0.99
Channel
Control
3.20 ± 0.93
Onshore
Restored
6.80 ± 0.63
Channel
Restored
2.80 ± 0.91
Onshore
Reference
1.70 ± 0.32
Channel
Reference
1.12 ± 0.29
Onshore
Control
1.64 ± 0.51
Channel
Control
0.76 ± 0.29
Onshore
Restored
0.52 ± 0.23
Channel
Restored
0.48 ± 0.12
Onshore

Mean
Significant
Wave
Period (s)
0.765
0.862
0.794
0.804
1
1.09
0.68
0.77
0.87
0.95
0.78
1.05
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Mean
Percent
Reduction
(%)

Mean
Windspeed
(km/hr)

Wind
Origin (°)

35.8

5-10

275

11.4

5-10

300

59

8-13

330

N/A

5-10

5

N/A

5-10

125

N/A

3-6

varied

Sampling days with elevated windspeeds produced larger waves. Notably, mean significant waves
in the channel offshore of the Restore site directly after restoration in November 2017 were 6.80
± 0.63 cm. Recreational boating traffic was frequent and wakes propagating to the shoreline
produced increased wave heights onshore (Figure 9a,b) and onshore velocities well over an order
of magnitude larger than ambient shoreline velocities.

a)

b)

Figure 9: Wave generation:
a) During boat pass
b) Under ambient wind
driven conditions

Data related to uncontrolled boat passes were removed prior to analysis and results presented are
relative to either ambient conditions or controlled boat passes performed within the context of this
experiment.
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2.4.3 Mean Velocities

Prior to restoration, mean near-bed horizontal velocities observed at the degraded Restore
shoreline (0.52 ± 0.36 cm/s) slightly exceeded those observed at the neighboring Control site (0.32
± 0.26 cm/s), despite the greater channel velocities observed in the latter (Figure 10a). Mean depthaveraged channel velocities were 5.8 ± 0.54 cm/s in the channel near the Control shoreline, as
compared to 2.1 ± 1.2 cm/s in the channel of Restore shoreline. Shorelines velocities in the
vegetated Reference shoreline (0.16 ± 0.14 cm/s) were the lowest among all sites, despite
coinciding with the greatest observed channel velocities (9.1 ± 2.1 cm/s). Immediately following
restoration, channel velocities off the Restore shoreline were nearly identical to pre-restoration
values (Figure 10b).

b)

a)

Figure 10: Gradients in depth-averaged channel velocity to near-bed shoreline velocity:
a) Before restoration (June 2017, low water) in Control, Reference, Restore shorelines.
b) Within the Restore site before and after living shoreline implementation
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However, mean near-bed velocity at the Restore shoreline decreased by 62 % following
implementation of the living shoreline. Almost 4 months after restoration and two months after
Hurricane Irma, during seasonal high water levels, channel velocities were greater in all sites.
Mean depth-averaged channel velocities were greatest off the Reference (16.3 ± 0.54 cm/s) and
Restore sites (12.8 ± 1.1 cm/s), and increased less dramatically at the Control site (8.0 ± 1.5 cm/s).
Despite this, mean velocities observed in the Restore shoreline (5.70 ± 0.49 cm/s) were an order
of magnitude greater than shoreline flows in either the Reference (0.66 ± 0.14 cm/s) or Control
(0.39 ± 0.14 cm/s) shorelines (Figure 11).

Figure 11: Gradients in depth-averaged channel velocity to near-bed shoreline velocity
during high water seasons. The Restore site observes the highest shoreline velocities in
2017 with a reduction to the lowest observed shoreline velocities in 2018
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2.4.4 Waves

Four months after restoration, mean significant wave heights observed in channels were low
offshore at the Reference (2.30 ± 0.39 cm) and Control (3.60 ± 0.99 cm) shorelines and much
greater offshore at the Restore site (6.80 ± 0.63 cm). Wind speeds recorded at the Restore site
during this day were 8 - 13 km/hr which were the highest windspeeds recorded during wave data
collection periods. As waves moved from the channel onto the shore, wave heights generally
decreased and wave periods increased in all sites (Figure 12a, Table 4). The lowest wave
attenuation rates (11.4 ± 7.1 % mean reduction in significant wave height from channel to shore)
were observed in the Control site. Waves were more fully attenuated in the Reference site, with
mean attenuation of 35.8 ± 5.7 %. Wave attenuation rates in the Reference and Control sites were
relatively stable across observation periods and varied only slightly with changes in water level.
However, in the Restore site, wave attenuation rate varied substantially with water level (Figure
12b).
a)

b)

Figure 12: Wave attenuation: a) across all sites in high water season 2017
b) in the Restore site with water height above breakwaters on second axis
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At the beginning of data collection, water levels were 5 cm above the wave break structure and
attenuation levels (41.8 ± 3.4 %) were similar to those observed in the Reference site. As water
levels over the structure dropped, attenuation rates increased dramatically to a maximum of 82.6
% when the water level was 1 cm below the crest of the wave break structure.

In 2018, observed channel wave heights were small at all three sites (Table 4). As such, assessment
of ambient wave attenuation is not particularly meaningful. However, wake attenuation
performance can be assessed. Wakes generated from replicate boat passes exhibited large variation
in mean wake height within the channel (5.5 - 12 cm), with larger channel waves corresponding
with shallower channel depths. Channel water depths were lowest in the Reference site, followed
by the Control and then Restore site (Figure 5). Channel wave heights due to boat wakes were
largest at the Reference site (10.3 ± 1.1 cm), followed by the Control site (8.8 ± 1.0 cm), and the
lowest waves were recorded in the Restore site (7.3 ± 1.1 cm). Despite differences in the channel,
the onshore wave heights were nearly identical in magnitude ranging from 5.56 - 5.79 cm (Figure
13).

Figure 13: Boat wake heights in the channel and their attenuated onshore values.
Channel wake height varies greatly but the onshore wake heights are nearly identical.
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2.4.5 Turbulence dissipation rate

TKE dissipation rates between the sites roughly had similar patterns during the ambient and boat
wake pass analysis. During boat wake events, increases in turbulence dissipation rates are observed
and trends follow closely with onshore-directed velocity measurements and significant wave
height data collected from the onshore wave sensor (Figure 14).

Figure 14: Time series of boat wake passes at Reference site with
dissipation, significant wave height, and onshore directed flows
shown. Dissipation rate increases correlate well with wake events
and increased energy produced during energetic boat passes

While dissipation ranges fluctuate based mainly upon variations in incoming velocities, the
consistency of the dissipation magnitudes indicates distinct differences in how upstream conditions
vary among the sites. Observed ranges of turbulence dissipation rates were between 2.4 · 10−7
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and 2.1 · 10−5

𝑚𝑚 2
𝑠𝑠 3

for the Reference site, 4.3 · 10−8 and 6.2 · 10−6

between 2.1 · 10−6 and 5.3 · 10−4

𝑚𝑚 2
𝑠𝑠 3

𝑚𝑚 2
𝑠𝑠 3

for the Control site, and

for the Restore site. Normalized values observed in 2017

high water sampling at the Restore (0.13 ± 0.13 1/m,) and Reference site (0.20 ± 0.15 1/m) exhibit
higher dissipation rates during ambient conditions (Figure 15a) when compared against the Control
site (0.070 ± 0.038 1/m). These increased dissipation rates are also present during the increased
velocities and wave heights from boat wake passes (Figure 15b) with the Restore site (0.035 ±
0.040 1/m) and Reference site (0.082 ± 0.084 1/m) capable of dissipating more incoming energy
than the unvegetated Control site (0.0080 ± 0.0077 1/m).

a)

b)

Figure 15: Non-dimensional Turbulence Kinetic Energy Dissipation rate per m length during:
a) ambient conditions
b) replicate boat wake passes
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2.5 Discussion

2.5.1 Effects of breakwater structure and vegetation on shoreline hydrodynamics

The aim of this study was to detect hydrodynamic changes that occurred following implementation
of a living shoreline comprised of a structural component (oyster shell bag breakwaters) and
planted native wetland vegetation (S. alterniflora, R. mangle, A. germanis and L. racemose). Prior
to the restoration, both the Restore and Control sites exhibited elevated onshore velocities
compared to the Reference site. At that time, the Restore and Control shorelines contained no
vegetation within proximity of the onshore velocity measurements, contrasting the dense stand of
mature mangroves in the Reference shoreline. As channel velocities observed off the Reference
site exceeded those observed off the other sites, slower mean flow velocities observed in the
vegetated Reference shoreline before restoration reflect flow interaction with the mangrove
vegetation. Shoreline velocities in the Restore site decreased considerably immediately following
restoration (Figure 10a). Over the same period, shoreline velocities in the Reference and Control
sites showed little change (Figure 11a). Mean depth-integrated channel velocities off the Restore
shoreline were nearly identical during sampling before and immediately following restoration.
Thus, the observed decrease in Restore shoreline velocities indicates that the shoreline restoration
was immediately able to affect hydrodynamic conditions on the shoreline. Immediately following
restoration, the newly planted vegetation at the Restore shoreline was sparse, reflective of the
planting density (3 plants per m length of breakwater structure). As vegetation densities
immediately after restoration were likely insufficient to significantly alter flows, it is likely that
53

the observed immediate hydrodynamic effect more strongly reflects flow interaction with the
breakwater structure.

A little over four months after restoration, seasonal high water levels led to greater observed
channel and shoreline velocities in all sites. Increases in shoreline velocity in the Reference and
Control shorelines indicate the effect of greater channel velocities. However, mean shoreline
velocities in the Restore shoreline increased by over an order of magnitude, far exceeding the
channel velocity effect observed in the other sites (Figure 11). Again, given the sparse newlyplanted vegetation, the large observed velocity increase can be explained by flow interaction with
the breakwater structure. While the structure effectively blocked flows during low water levels,
flow-structure interaction when water levels closely overtopped the structure likely caused the high
velocities observed. Similar water level dependence was observed with regard to wave attenuation
over the breakwater structure (Figure 12a,b). Significant wave heights in the channel off the
Restore site were almost double those recorded at the Control site, yet mean attenuation rates
behind the breakwater structure were six times greater, yielding lower mean onshore significant
wave heights at the Restore site. Wave attenuation levels were associated with water depths above
the breakwater structure (Figure 12b), with maximum attenuation levels of 83% achieved when
water levels were 1 cm below the structure crest. When water levels were 4 - 5 cm above the
structure crest, wave attenuation rates fell to 43.5 ± 4.7 %, which was similar to attenuation rates
observed within the mature mangrove vegetation in the Reference shoreline.
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Sixteen months after restoration, water depths and depth-averaged channel velocities observed
were similar to those observed in November 2017. Shoreline velocities in the Control and
References sites were also like those observed in November 2017. However, shoreline velocities
in the Restore site were reduced to levels identical to those observed in the Reference site before
restoration. Vegetation coverage in the vicinity of the onshore sampling volume was sparse due to
the recent transplanting, and reductions are mainly indicative of flow-structure interaction. While
sampling shortly after restoration revealed hydrodynamic effects predominantly related to flowstructure interaction, the lower shoreline velocities observed in the Restore site 16 months after
restoration reflect combined flow interaction with both the structure and vegetation. The opposing
results indicate that the two components of the restoration (breakwater structure and vegetation)
provide different mechanisms of flow alteration.

2.5.2 Turbulence dissipation in obstructed flows

Analysis of turbulence can be complicated by presence of non-regular waves, given that the
varying periodic oscillations can be difficult to separate from turbulent fluctuations. Turbulence
intensity is based on the variance of the instantaneous velocity time-series. However, herein, the
variance was heavily influenced by the sinusoidal wave action. In laboratory studies that analyze
regular waves, a common practice is to implement ensemble averaging of the waves and separate
the wave effect from turbulence effect. However, with irregular waves this decomposition cannot
be applied. In the low-current environment of vegetated shorelines, wave-induced fluctuations are
much greater than turbulence fluctuations and the effect of waves on variance cannot be ignored.
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For methodologies such as that presented by Wiles et al. (2006) for calculation of TKE dissipation
rate, involving velocity differences over sufficiently small length scales that the oscillatory wave
action across millimeter-scale distances overlap each other and thus are filtered out. This
methodology was originally developed using ADCPs but more recently has been used for
nearshore flows with ADVs in the swash zone (Lanckriet and Puleo 2013) and within mangroves
(Mullarney et al. 2017; Norris et al. 2017) and results correlate well with dissipation derived from
the frequency spectrum (Lanckriet and Puleo 2013). Magnitudes of turbulent dissipation observed
at the three sites (5.3∙10-4 m2/s3 to 4.3∙10-8 m2/s3) are similar to values reported in other studies
of low-energy intertidal flats and shallow estuarine environments (Jones and Monismith, 2008;
Mullarney and Henderson, 2012). TKE dissipation rate can be an indicator of roughness
experienced by the flow, with greater rates of dissipation potentially implying that upstream
obstructions encountered by the flow have generated turbulence. However, as dissipation rate will
also scale with TKE, direct comparison of raw dissipation magnitudes are only possible in similar
flow conditions. To account for the varying flow conditions experienced onshore among the sites,
flows were normalized using the cube root RMS values of onshore directed flows yielding a
dissipation rate per unit length. Herein, normalized dissipation rates during both ambient and wake
scenarios were high in vegetated shorelines, which may suggest effects of turbulent eddies formed
from the interaction of flow with plant stems. Ambient conditions were only reported during 2017
high water sampling as the minimum Kolmogorov lengthscales threshold during the 2018 high
water sampling was not exceeded as a result of low mean onshore velocities. During the ambient
condition data collection, vegetation density was sparse at the Restore site, and as such, TKE
dissipation can be mainly considered an effect of flows interacting with the structure and bed.
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Dissipation rates during the boat wake passes showed some dependence on HS (Figure 15b) and
rates at the Restore and Reference sites again surpassed those observed at the unobstructed Control
site. These results validate the hypothesis that dissipation rates correlate with upstream roughness
as the unvegetated Control shoreline consistently had the lowest levels of TKE dissipation.

2.5.4 Resilience of living shorelines during extreme events

Conditions observed in the Restore site after Hurricane Irma reinforce conclusions reported by
others (Smith et al. 2017; 2018) regarding the potential for nature-based solutions to be resilient
to extreme events. Even only 2 months after restoration, the influence of hurricane Irma to the
living shoreline restoration was minimal. Despite the extreme conditions, no damage to the
breakwater structure was observed. Additionally, little mortality of vegetation was observed,
despite the short recovery time that elapsed between planting and the hurricane. Vegetation
coverage at the Restore site actually increased slightly after Irma. Bulk sediment samples collected
before and throughout the year following hurricane Irma allow for further understanding how the
living shoreline fared as compared to the other sites over the course of an extreme event. Prior to
restoration and the hurricane, sediments of the Restore shoreline were coarse relative to both
Reference and Control shorelines (Figure 7). However, following the hurricane, coarse fractions
on the Restore shoreline fell to the lowest levels among all of the sites. This was visually observed
as deposition of sand in the lee of the breakwater structure and confirmed by bulk sediment
sampling. In addition, following the hurricane, organic content within sediments of the Restore
shoreline increased by 360 % relative to pre-restoration values. Organic content at the Control and
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Reference sites remained static during this time. The increase in organic material could derive
from either accumulation of particulate organic detritus deposited on the shoreline, or root growth
associated with plantings. Given the decrease in organic matter content observed at the Restore
site the following year, when vegetation was more prevalent, it is likely that organic debris
accumulation was the predominant mechanism for the relatively high carbon content observed
after the hurricane.

2.5.5 Implementation of living shoreline to maximize beneficial hydrodynamic effects

One of the main goals of living shoreline restoration is to utilize native vegetation to create a selfsustaining, stable shoreline environment. Results of this study detail the potential for transitional
stages of hydrodynamic change following restoration. During the first months following
restoration, the effects of the structure alone can be observed. Sitewide vegetation coverages
throughout the Restore site were approximately 26 % over this period. After minor plant mortality
through the early restoration stages and hurricane, vegetation within the Restore site increased
substantially in the 16 months following restoration (from 33 % coverage in 2017 to 50 % in 2018).
In addition, despite the high velocities observed in the Restore shoreline shortly after restoration,
as of one year after restoration, sediment deposition landward of the breakwater structure was
sufficient to preclude hydrodynamic measurement at low water levels. Net sediment accretion and
vegetation success implies that over the year, hydrodynamic conditions around the breakwater
structure were sufficient to promote the aims of the restoration. Given the strong observed
dependence of shoreline hydrodynamics on water level relative to the structure crest, structure
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design and deployment location (which controls water depth) is highlighted as a crucial factor for
both creating a suitable hydrodynamic nursery environment for vegetation to establish in
conjunction with net sediment retention in degraded shorelines. In particular, distance of the
breakwater structure from the shoreline must have careful consideration for the tidal amplitude
and hydrodynamic climate of the region. Within the Indian River Lagoon system, seagrasses such
as Halodule wrightii (Shoal grass) are important pioneer species which can quickly stabilize
nearshore sediment, provide crucial food sources for endangered manatees, and provide a nursey
habitat for marine species. Promoting the grow of these species through proper breakwater
placement should take into account the distance to the shoreline which accretion behind the
structure may take place in conjunction with location of breakwater gaps. Visual evidence of scour
both within the gaps and in the lee of gaps was obvious, and present at multiple locations within
the Restore site. The importance of structural component’s design and placement in living
shoreline setups has been reported previously. Permitting requirements for the gaps within the
breakwater structure along with structural design have been noted by Polk and Eulie (2018) as a
potential cause for increased erosion rates they observed in a living shoreline project involving S.
Alterniflora and bagged oyster shell sills in. Porosity of breakwater structures is an important
component in their design with lower porosities resulting in additional wave and energy
attenuation at the cost of increased wave reflections typical of hardened structures. Herbert et al.,
(2018) looked at the effects of porosity of living shoreline breakwaters and determined that a
porosity of 0.25 would be ideal in balancing breakwater stability with mitigation of boat wake
energy, albeit at the cost of the reflection of wave energy likening its function to that of a seawall.
These results indicate that water depths may work in conjunction with this porosity and both
59

factors need be considered with respect to both design and deployment location of breakwater
structures in living shorelines. This will ensure a balance with the attenuation of waves and currents
in conjunction with accretion and potential seaward expansion of shorelines. Subsequent designs
of breakwater structures within living shorelines may benefit from an analysis of the hydrodynamic
climate prior to their deployment.

2.6 Conclusion

This study analyzed changes to shoreline vegetation, hydrodynamics, and benthic sediments
following implementation of a living shoreline comprised of oyster shell breakwater structure and
planted marsh grasses and mangroves. Changes detected at the restored shoreline (Restore) are
reported in context to those observed in nearby degraded (Control) and reference-condition
(Reference) shorelines in a Before-After-Control-Impact experimental design. Shoreline changes
reported also encompass responses to an extreme event (Hurricane Irma) which occurred 2 months
after the living shoreline restoration. Hydrodynamic measurements were taken at three sites over
a 16-month period. Initially following restoration, velocities at the Restore site were reduced,
however, subsequent sampling in the high water season yielded a significant increase in the
onshore velocities. Similar shoreline velocity increases were not observed at the Control and
Reference shorelines. The high velocities observed in the Restore shoreline were determined to be
from a combination of flow-structure interaction and sparse emergent vegetation density within
the vicinity of the Restore site onshore sampling location. One year later, the dense colonization
of the nearshore region within the restoration from S. Alterniflora had led to the onshore flow
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velocities at the Restore site being the lowest observed among the sites. Wave attenuation levels
were greatest at the Restore site due to the breakwater structure; however, attenuation levels were
highly dependent on water depth relative to the breakwater crest. In addition to providing greater
wave attenuation rates, TKE dissipation rates were higher at the Restore and Reference sites.
Dissipation was elevated at these sites due to vegetation and structural components during both
ambient conditions in 2017, and during a series of controlled replicate boat wakes generated in
2018. These higher dissipation rates correspond to additional energy extraction from the incoming
flow through generation of eddies in the lee of upstream obstacles. Sediment data collected prior
to restoration established differences in coarse sediment fractions among the study sites with the
Restore site containing the greatest fraction of coarse materials. Following hurricane Irma, the
Reference and Control site samples indicated a significant shift towards the coarse fraction. This
contrasts the reduction in coarse materials at the Restore site which was able to override the signal
of the hurricane observed in the controlled sites. Additionally, a substantial increase in organic
matter content was present at the Restore site which may be attributed to deposition of litter
materials and debris in the lee of the wave break structure from the hurricane. One year after the
hurricane, organic matter at the Restore site was greater than the initial pre-restoration values. It is
recommended that future implementations of living shorelines consider the local hydrodynamic
forcings and inundation depths from local tidal ranges when placing breakwater structures. This
research indicates that living shorelines are resilient to extreme events, even shortly after their
deployment. Future research regarding breakwater structure’s optimal porosity, structural designs,
and placement appropriate for different tidal regimes may assist managers with optimal protection
of planted vegetation and seaward growth of degrading shorelines.
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CHAPTER 3: NEARSHORE BATHYMETRIC VARIATION AMONG RESTORED
SHORELINES AND OYSTER REEFS WITHIN MOSQUITO LAGOON

3.1 Introduction

Estuarine and lagoon environments are complex morphological areas which have influences from
tidal, wave, current, and sedimentation processes which give shape to these coastal regions. These
environments are crucial both from an ecological and structural integrity standpoint. With
projections of sea level rise up to 0.6 m by 2100 (Nichols and Cazenave, 2010), these coastal
regions are prone to the hazards posed from climatic variation and sea level rise. Within microtidal
estuaries and lagoons present in certain areas along Florida’s Atlantic and Gulf coasts, the risk
from accelerated sea levels is exacerbated. Many intertidal species populate the nearshore regions
of these lagoons including emergent marsh grass, mangroves, and oyster reefs which have all been
shown to aid in stabilization and protection of the shoreline both through modification of shoreline
morphology through accretion and from alteration of nearshore hydrodynamic metrics (Meyer,
Townsend, and Thayer (1997); Algoni (2008); Lenihan (1999); Wolanski (1992) ). In conjunction
with stabilization, oysters have been shown to provide numerous ecological functions and
ecosystem services including: refugia from predators, nutrient filtering, and nesting habitats (Coen
et al. 2007). Oyster reefs are at increased risk of dislodgement and mortality through recreational
boating activity through various mechanisms which lead to dead fringes on reefs (Wall et al. 2005).
These dead fringes are comprised of elevated sections of disarticulated shells which alter the
typical morphology of the reef and prohibit the settlement of further spat once the reef crest is no
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longer within the intertidal zone. Restoration efforts may begin with goals of large scale reductions
in nutrient levels, but lead to many other benefits including: increased recreational use, willingness
to consume seafood, and reduction of constructed wastewater filtration facilities (Grabowski and
Peterson 2007). While reef morphology is important for spat settlement and recruitment potential,
its spatial proximity to submerged and emergent vegetation is also important for potential
predation passages for species like blue crabs (Mitcheli and Peterson 1999).

Vegetation has been shown to promote nearshore sedimentation through increased turbulence
generation and mangroves in particular have been shown to stabilize shorelines and promote
accretion especially in high densities (Kumara et al. 2010). The relationship between topography
and vegetation is indeed a complex one, however, as Tennemen et al. (2007) found that certain
densities of plants within low tidal ranges could create preferential flow paths leading to scour and
shaping topography of these areas. Vegetated shorelines are generally present in mosaic formations
rather than uniform distributions and are found to alter nearshore morphology through an interplay
between a two way feedback of biomass production and elevation (Mariani, Da Lio, and D’Alpaos
2013). It is observed that in within this feedback plants do not operate at maximum biomass
production, but rather below this level to help give them additional environmental stability.
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3.2 Methods

3.2.1 Study Location and Experimental Design

Multiple sites comprising degraded, stable reference, and restored representations of both shoreline
and oyster sites were selected for bathymetric survey within Mosquito Lagoon, located on the
Atlantic coast of Florida (Figure 16,17).

Figure 16: Shoreline survey site locations
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Shoreline sites were taken from two distinct sites both of which had a section which had undergone
restoration within Canaveral National Seashore. The first shoreline set resides within the Turtle
Mound historic shell midden within the northern boundary of the Canaveral National Seashore.
The site has a span of shoreline restored in 2011 (TM Restore) which was stabilized by spartina
alterniflora and mangrove plantings. Directly adjacent to this site, a retaining wall now acting as a
seawall sits in front of a degraded rocky shoreline with minimal vegetation (TM Seawall).

Figure 17: Oyster reef survey site locations
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The second set of shoreline sites is located within the Castle Windy shell midden and is made up
of an actively eroding, degraded shoreline (Control), a densely vegetated and stable shoreline
(Reference), and a span of shoreline restored and stabilized in 2017 with biogenic breakwaters and
emergent vegetation plantings (Shoreline Restore).

The Oyster sites are comprised of restored, degraded, and healthy reefs. The sets of reefs are
located in two regions: a northern set of reefs along the main channel banks (Restore 1, Dead 1,
Restore 8, Pufferfish) and a set of southern reefs located just off of the main channel (Dead 4, Live
4, Marvel). Restore 8 was degraded initially in 2018 and restored by first raking the dead shells
and sediment at the crest seaward to reduce the crest height and slope, and then stabilizing the
newly modified nearshore slope with oyster mats. The remaining restored sites were restored with
the same method on the dates as follows: Pufferfish (2016), Marvel (2014), Restore 1 (2017).

3.2.2 Data Collection and Analysis

Elevation data was collected utilizing a CHC X91+ Real Time Kinematic GPS (RTK) survey
device. The GPS receiver was configured as a Rover with a network solution provided through the
Florida Department of Transportation’s (FDOT) Permanent Reference Network (FPRN) which
provided corrections through a Global Navigation Satellite System (GNSS) reference station
network. The FPRN network is comprised of nearly 100 Continuously Operating Reference
Stations (CORS) located throughout the state of Florida. CORS sites provide Global Positioning
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System (GPS) carrier phase and code range measurements in support of 3-dimensional positioning
activities throughout Florida and surrounding states (Figure 18).

Figure 18: FPRN CORS network

The messaging type used for corrections was Radio Technical Commission for Maritime Services
(RTCM) version 3. The data collector received corrections through Networked Transport of
RTCM via Internet Protocol (NTRIP) in which a wireless hotspot was used to allow the data
collector TCP/IP access. Proximity to correction stations was limited and network solutions were
only available with a single correction station in Deland, FL with coordinates 29° 03' 22.89698"
N, 81° 15' 47.48050" W, and ellipsoid height 0.235. Over 2900 points were surveyed by taking the
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average of 6 corrected samples from the data collector through the SurveCE application. Data were
filtered and the Dilution of Precision (DOP) threshold value was set at 3.00. Data points collected
with standard deviations greater than 1 cm were discarded and resampled until this threshold was
not crossed. The elevation datum utilized was the North American Vertical Datum of 1988
(NAVD88). Transects were walked from the vegetated fringe of the shoreline or maximum crest
elevation of oyster reefs out approximately 35 m seaward with roughly 10 points taken for each
transect. Point data were imported into Geographic Information Systems (GIS) software and
projected using NAD 1983 (2011) Florida State Plane East as the projection. Processing involved
conversion of ASCII XYZ point data into an elevation surface through raster interpolation of
points using the natural neighbor algorithm. Slopes were determined through linear interpolation
of 5-7 replicate line segments extending from the vegetation fringe or oyster reef crest seaward
using the line interpolation function of the 3D analyst toolbox within ArcGIS. Oyster crest heights
were calculated through averaging of line interpolation along the highest elevation points of the
reefs oriented parallel to the channel.

3.3 Results
3.3.1 Oyster Sites

Slope data among the surveyed oyster sites showed variation among the nearshore and offshore
locations with the nearshore slopes generally exhibiting a milder gradient (Table 5). The lowers
slope was observed onshore at the Live 4 site where the concave interior of the reef had a negative
gradient as it approached the reef fringe before regaining a positive slope as it progressed towards
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the channel. Live 4 exhibited the lowest overall slope from the center of the reef outwards with an
overall slope of just 0.033 ± 0.0048 m/m.
Table 5: Oyster reef slopes and crest heights

Site

Mean slope

Mean slope

Overall

Mean Crest

0-10m

>10m

Slope

elevation above

(m/m)

(m/m)

(m/m)

NAD 83 (m)

Live 4

-0.0074 ± 0.015

0.08 ± 0.016

0.033 ± 0.0048

1.40 ± 0.026

Marvel

0.035 ± 0.0078

0.070 ± 0.0045

0.054 ± 0.0036

1.43 ± 0.057

Pufferfish

0.068 ± 0.0013

0.086 ± 0.0095

0.072 ± 0.0031

1.25 ± 0.029

Hallmark

0.068 ± 0.0062

0.097 ± 0.0072

0.079 ± 0.0062

1.35 ± 0.019

Restore 8 After

0.048 ± 0.0046

0.11 ± 0.0032

0.071 ± 0.0028

1.23 ± 0.036

Restore 8 Before

0.066 ± 0.0043

0.11 ± 0.0019

0.082 ± 0.0027

1.43 ± 0.025

Dead 1

0.099 ± 0.0021

0.065 ± 0.0052

0.085 ± 0.0018

1.80 ± 0.02

Dead 4

0.041 ± 0.0083

0.098 ± 0.0017

0.064 ± 0.0057

1.46 ± 0.036

The live reef was the only observed reef which was completely disconnected from any shorelines
and exhibited a radial pattern with a distinct slope break along the fringe of the reef perimeter. The
radial morphology of Live 4 (Figure 19) was also partially present in the restored reef Marvel
(Figure 20) which was partially attached to the shoreline, extending towards the main channel in
a peninsula. Marvel also had very mild onshore slopes with an onshore gradient of 0.035 ± 0.0078
m/m. The restored reefs Pufferfish (Figure 21) and Hallmark (Figure 22), both located along the
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same span of reef, had slightly elevated onshore slopes with slopes of 0.068 m/m within 10 m of
the reef crest. The most recently restored reef, Restore 8, initially had a crest elevation of 1.43 m
relative to NAD 83 with an onshore slope of 0.066 m/m (Figure 23).

Figure 19: Live 4 – a healthy reference condition radial oyster reef morphology
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Restoration of the reef yielded a 27% reduction in its onshore slope from the restoration process
(Figure 24) with a mean slope of 0.048 m/m and a 0.2 m reduction in the crest height to 1.23 m
relative to NAD 83. Figure 25 show the redistribution of sediments from restoration with a distinct
reduction in the crest elevation with sediments being deposited 8 meters from the crest. Crest
heights across the reefs were elevated among the dead reefs with values of 1.8 m, 1.46 m, and 1.43
m above NAVD 83 for the Dead 1, Dead 4, and Restore 8 Before reefs respectively.

Figure 20: Radial morphology of oyster reef 4 years following restoration
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Dead 1 showed the greatest onshore and overall slopes across the sampled sites with values of
0.099 ± 0.0021 m/m and 0.085 ± 0.0018 m/m, respectively. Dead 4 had the steepest offshore
gradients at 0.098 ± 0.0017 m/m yet the onshore values were mild at 0.041 ± 0.0083 m/m. Overall,
distinct differences in the reefs were observed with both overall reef morphology and the presence
or absence of live oysters exhibiting variations in both crests and slopes among the sites.

Figure 21: Channel bank morphology of Pufferfish
oyster reef 2 years following restoration
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Figure 22: Channel bank morphology of
Hallmark oyster reef 1 year following
restoration

73

Figure 23: Channel bank morphology of
dead oyster reef before restoration

74

Figure 24: Channel bank morphology of oyster reef three
months after restoration
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Figure 25: Morphological changes following from Oyster reef restoration
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3.3.2 Shoreline sites

Among the shoreline sites, onshore slope values were quite similar with the notable exception of
the TM Seawall site which had slope values 70-160% greater than all other shorelines (Table 6).

Table 6: Shoreline slopes
Site

Mean slope
0-10m
(m/m)

Mean slope
>10m
(m/m)

Overall
Slope
(m/m)

Reference

0.056 ± 0.0047

0.008 ± 0.0030

0.027 ± 0.0026

TM Seawall

0.13 ± 0.016

0.061 ± 0.0032

0.11 ± 0.011

Control

0.065 ± 0.023

0.018 ± 0.0066

0.031 ± 0.0008

TM Restore

0.050 ± 0.0018

0.051 ± 0.0046

0.050 ± 0.0013

Shoreline
Restore

0.077 ± 0.0078

0.024 ± 0.0024

0.038 ± 0.0035

The Reference site (Figure 26) saw the mildest offshore slopes with a mean slope of only 0.008 ±
0.0030 m/m but a mean onshore slope of 0.056 ± 0.0047 was comparable to the nearby Control
site (Figure 27) and Shoreline Restore (Figure 28) sites which had slopes of 0.065 ± 0.023 and
0.077 ± 0.0078 m/m, respectively. When looking at the TM Restore site (Figure 29), the onshore
slope is the lowest observed among the shoreline sites with a gradual onshore slope of 0.050 ±
0.0018 m/m which is maintained as heading further seaward to the offshore slope which is nearly
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identical at 0.051 ± 0.0046 m/m. The Seawall site (Figure 30) showed the steepest slopes for both
offshore (0.061 ± 0.0032 m/m) and onshore (0.13 ± 0.016 m/m) surveyed points in conjunction
with having some of the lowest variability in its slopes.

Figure 26: Reference site bathymetry
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Figure 27: Control site Bathymetry
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Figure 28: Restore site Bathymetry
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Figure 29: TM Restore site bathymetry
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Figure 30: TM Seawall bathymetry
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3.4 Discussion

3.4.1 Oyster Sites

The oyster sites were defined by two distinct morphological patterns, channel bank and radial. The
radial sites (Dead 4, Marvel, Live 4) were located more southernly than the channel bank sites and
were not generally on the main channel where the hydrodynamic energies were generally observed
to be greater. The radial sites all exhibited lower onshore slopes than their northern counterparts
with generally lower offshore slopes also. Crest elevations, however, were not consistent among
the different morphologies but were at their highest among the three degraded dead oyster reefs.
Recreational boating activity in the area during high tides creates onshore stresses which may
dislodge the oyster shells and transport them to elevations at which they are no longer within the
intertidal region which may cause mortality. This was visually observed at the dead sites with
bleached, dead, disarticulated oyster shells present at the crests of the dead reefs which is also
confirmed in the mean crest elevations.

The channel bank or channel side reef morphologies have much steeper onshore slopes both before
and even after restoration. The crest elevations are approximately 10-20 cm lower at the channel
bank restored oyster reefs than the dead reefs which matches the 20 cm reduction in crest elevation
observed at the Restore 8 site (Table 5). Looking at the elevation changes (Figure 25), a ~3 x 15
meter section of the crest in Restore 8 had its shells/sediment moved approximately 8-10 meters
seaward towards the center of the channel during the restoration process. Even though multiple
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restorations were surveyed, the bathymetric changes occurring throughout time are difficult to
predict with the absence of pre-restoration surveys from the other sites. Looking at the Pufferfish
and Restore 1 sites (Figures 21,22) we can see some of the transitions that occur over time from
the raking of the sediment with the crest of the Restore 1 reef looking similar to the Restore 8 crest
after restoration and Pufferfish showing what the nearshore morphology can look like 3 years
following restoration.

3.4.2 Shoreline Sites

In the same way that the dead reefs may show some of the anthropogenic effects from boating
activities, the shoreline site TM Seawall site shows the effects from implementation of hardened
structures for the purpose of shoreline armoring (Figure 30). It should be noted that all of the sites
were surveyed approximately 6 months after Hurricane Irma and as such the spatial distribution of
sediment may not have returned to an equilibrium state and could still be in flux. The Seawall had
notable scour at its base and had limited vegetation and coarse sediments observed near the toe of
the structure. The incoming wave energy appears to be reflected leading to some of this scour at
the toe with a sand bar present at the southern portion of the seawall. Directly on the opposite side
of the shell midden which comprises the TM sites, the TM Restore site showed the lowest variation
in offshore and onshore slope values with both changing at ~ 0.05 m/m. This site is stabilized by
the dense vegetation 7 years after being restored with the added benefit of being sheltered from its
location in an apparent cove protected partly by the sand bar. The Shoreline Reference site was
virtually flat offshore with fine sediment present while surveying. Heading south from the
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Reference site, the Control and Shoreline Restore sites were very similar with slope values onshore
which were slightly higher than the Reference sites. The shell midden onshore becomes
significantly steeper heading once the Shoreline Restore site is reached and this variation coupled
with the northern sand flats towards the center of the channel might account for the low offshore
slopes at the Reference site which increase gradually into the Control and Shoreline Restore sites.
Overall, the upstream bathymetric conditions coupled with the absence or presence of vegetation
appear to have the strongest constraints of the morphology of the shoreline sites.

3.5 Conclusion

In this study, multiple sites were sampled to assess and quantify the nearshore and offshore
morphology of shoreline and oyster reef sites. Over 3000 points were analyzed through GIS
software with Raster surfaces created for each of the site locations. Oyster reefs exhibit two distinct
morphological configurations with ones running parallel to the channel, and ones exhibiting a
radial pattern generally located off channel. The differences in morphology lead to the radial reefs
having generally lower crest heights and mild onshore slopes when compared to the channel bank
reefs. Additionally, restoration was shown to move the sediment from the crest of a dead reef and
relocate it seaward modifying the existing slope and reducing the crest height significantly. The
TM seawall site showed the steep slopes that may be present in front of a hardened structure like
a seawall. This result lends credence to the argument that hard armoring of a shoreline may protect
the inland shoreline from erosion, but the energy may be reflected instead of dissipated leading to
potential scour and sediment coarsening at the toe of the structure. Lastly, the shoreline sites show
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that the presence of vegetation along a shoreline may aid in stabilization of the shoreline while
maintaining mild nearshore and offshore slopes.
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CHAPTER 4: IMPLEMENTATION OF OYSTER SHELL STRUCTURES TO
FACILITATE SHORELINE STABILIZATION: A CONTROLLED, TWO-WAY BLOCK
EXPERIMENT ASSESSING HYDRODYNAMIC AND MORPHOLOGICAL CHANGES

4.1 Introduction

The risk to coastal regions from extreme events has seen an increase due in part to the effects of
climate change and sea level rise. Waves generate a large amount of energy and, over the course
of their breaking in shallow waters, increase the turbulence beneath the wave (Yoon and Cox,
2010) and potentially increase sediment suspension and subsequent transport with bore turbulence
within the swash zone (Puleo et al. 2000). By inducing this energetic shoaling and breaking event
further offshore, shoreline protection may be increased as the incurred onshore energies are
reduced and sediment suspension is less likely. Additionally, with even small currents present in
a wave environment, sediment transport is more likely as the wave motion alone may be able to
entrain sediment but unable to transport it given the periodic nature of waves (Grant and Madsen,
1979) Despite the many criteria that have been used to determine wave breaking thresholds,
breaking potential can be generally considered to fall into four distinct categories including:
geometric properties of wave shape and steepness, kinematic properties based upon particle and
phase velocities, and energy based properties of the wave crest including acceleration and
momentum (Nepf 2002). The nearshore bathymetry is crucial in prediction of wave breaking since
the wave parameters mention before may change as wave orbital velocities begin to interact with
the bed, modifying the energy, period, steepness, and other properties (Additional Source).
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A common implementation for shoreline protection is the offshore breakwater structure. Offshore
breakwaters have been extensively studied to determine their performance characteristics under
various conditions (Dattatri, Raman, and Shankar, 1978; Seabrook, Stuart, and Hall, 1999;
Roshanka and Turner, 2006). Breakwaters have been shown to reduce incoming wave energy and
heights with as much as 50% of the energy dissipation being attributed to turbulence generation
(Dick and Brebner 1969). These structures are capable of modification of local hydrodynamics
facilitated by reduction in water depths over the crest of the structure and subsequently affect the
sediment transport within the proximity of the structure (Dean, Chen, and Browder, 1997). Dean,
Chen and Browder (1997) concluded that the proper design and implementation of submerged
breakwaters is crucial with crest height and offshore distance being very important design criteria.
Insufficient crest height at deployment locations has the potential to significantly increase scour
taking place with excessive offshore volumes of water leading to increased longshore directed
flows transporting landward sediment along the shoreline.

The breakwaters previously discussed are comprised of solid, non-porous structures which force
incoming waves towards the crest of the structure or occasionally can cause reflection of some of
the wave energy. To help reduce reflection, trapezoidal shaped structures are recommended and
used to allow for wave runup in shallow waters where waves propagating over the structures have
lower reflection values than other breakwaters configurations (Chen, Tsai, and Chiu, 2006; Cho,
Lee, and Kim, 2004). Trapezoidal breakwaters are a common configuration and have been
investigated in other studies (Madsen and White, 1977; Cheng and Liou, 2007). Alternative
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approaches can utilize permeable structures comprised of rubble, oyster shells, or other
unconsolidated materials which can allow for flow to pass within the structure and further reduce
wave and current energy. This permeability is effective at dissipation of wave energy even in the
absence of wave breaking. Ting, Lin, and Cheng (2004) showed that porosity of submerged
breakwaters affects both the energy transfer of waves and the height of any wave reflections. When
harmonic waves were generated over these porous breakwaters they found that some of the primary
wave energy is converted into higher frequencies leading to significant energy losses.
Additionally, reflected wave heights were reduced as porosity of the breakwater structure was
increased, indicating additional dissipation of the wave within the structure.

By reducing wave energies and wave heights, breakwater structures also play an important role in
coastal geomorphology through their impact on the sedimentation processes. Sediment deposition
leeward of the structure and protection against subsequent erosion have been some of the main
reasons for deployment of these structures. (Rosen and Vajda, 1982) identified the deposition
occurring leeward of the breakwaters resulting in a salient in the following stages: 1) development
of circulation cells 2) initiation of depositional phase and 3) equilibrium with minor fluctuations
due to variations in wave energies. Jackson et al. (2015) looked at the variation in beach
morphologies that were created through different orientations of breakwaters. Breakwater length
relative to proximity to the shore which forms the surf zone, helps to define the apex of the salient
as it develops. Long spans of breakwaters allow the salient apex to extend toward the breakwaters
further especially with a nourished beach. Angle of orientation of breakwaters with respect to the
shorelines was identified in the study as another key component in how waves interact with the
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gaps in the breakwaters and salient asymmetry. One of their findings was that orientation of the
breakwaters in a position that is skewed opposite to the direction of longshore transport can lead
to changes in the sediment budget and implies that nearshore morphologies can be modified given
proper identification of the incident wave directions.

Birben et al. (2007) investigated the effects of variation of both wave (height, period, and angle)
and breakwater (length, proximity to shoreline, gap length) parameters on the sediment retention
potential of these structures. They found that the breakwater parameters which had the largest
influence on the sediment retention rates were the breakwater proximity to the shoreline and the
size of the breakwater gaps with respect to the breakwaters length. The proximity to the shoreline
was identified as a key parameter due to the fact that the area of influence of the breakwaters is
reduced as the distance from the shoreline increases. In the case of the breakwater gaps,
determination of the threshold value at which the gaps cease to allow the group of breakwaters to
act as a unified obstacle and instead act as individual elements was shown to be an important
criterion for promoting sediment retention.

This study identifies how four different configurations of porous biogenic breakwaters perform
within an estuarine environment with regular exposure to increased wave pressures from
recreational boating activity. The initial data show that the presence of gaps has an impact in
conjunction with the proximity to the shoreline for attenuation of boat wake energies. Initial
bathymetric conditions along with variations in ambient wave climate, offshore current velocities,
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and water levels relative to the breakwaters all had implications in nearshore hydrodynamic
conditions.

4.2 Methods

4.2.1 Study Location and Experimental Design

A contiguous 180 m length of shoreline was selected for treatment along the west bank of Mosquito
Lagoon, located on the Atlantic coast of Florida (Figure 31).

Figure 31: Study location of field site within Mosquito Lagoon
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A block design was implemented with 4 distinct treatment types implemented along the shoreline
(Figure 32).

Figure 32: Sitemap of breakwater deployments and sensor locations

All treatments were comprised of a living breakwater (stacked bags of disarticulated oyster shells)
measuring approximately 30 cm in height and 60 cm in width. Each monitored site comprised a
20 m span of shoreline followed by a 10 m gap between each treatment. included: 1) a control site
located at the northern end of the shoreline extent with more gradual offshore-onshore slope (North
Control site 1), 2) a control site located at the southern end of the shoreline extent with slightly
higher offshore-onshore slope than Control site 1 (South Control site 2), 3) a nearshore deployment
of two 8 m spans of breakwaters with 2m gaps between each span (Treatment 1), 4) a nearshore
deployment of a 20 m continuous span of breakwaters (Treatment 2), 5) an offshore deployment
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of two 8 m spans of breakwaters with 2 m gaps between each span (Treatment 3), and 6) an
offshore deployment of a 20 m continuous span of breakwaters (Treatment 4).

High-frequency flow and wave measurements were conducted simultaneously onshore and
offshore in order to infer a gradient and relate the onshore conditions to the approaching flow. To
test the resilience of the shoreline to highly energetic events, 10 replicate boat passes were
conducted on plane at each site approximately 40 m from the vegetative fringe as observed through
onboard GPS paths. Bathymetric data were collected before and after deployment of the
breakwaters to ascertain nearshore slope changes that may occur following the deployment and to
identify any variability present among the sites. Additionally, water level data was observed to
identify variation in flows and wave data with respect to the level of submergence of the
breakwaters.

4.2.2 Data Collection and Analysis

Offshore velocity data were collected using a Nortek Aquadopp Acoustic Doppler Current Profiler
(ADCP). Data were sampled continuously with the instrument collecting data in an autonomous
data recorder deployment. The ADCP was located approximately 35 meters from the vegetative
fringe of the shoreline, with a water depth of 0.85 m. The instrument was levelled and positioned
just below the water surface, oriented with a down-looking configuration. The ADCP was
configured to record using the U, V, W coordinate system corresponding to the streamwise, crossshore, and vertical components of the flow, respectively. The positive U-direction was oriented
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parallel to the shoreline, at an approximate compass bearing reading of 335 degrees. Data were
collected at 2 Hz at each of the sites to quantify the offshore current conditions. Raw data were
filtered for outliers and partitioned into 120 sec moving averages with 30 sec overlap between
successive time-intervals. Depth-averaged velocities were calculated from trapezoidal integration
of the velocity values at each cell across the depth of the profile.

Onshore velocities were measured using a high frequency Nortek Vectrino Acoustic Doppler
Profiler. The coordinate system and probe direction were set to match that of the ADCP. The
instrument was levelled and configured to record at a continuous 100 Hz. Post-processing began
by applying the same moving average applied to data from the offshore ADCP. Each flow timeseries within the 120 sec time-intervals was considered stationary and outliers were filtered using
the phase space method developed by Goring and Nikora (2002) and modified by Wahl (2003).

Wave data were collected through measurement of surface water deformation of both onshore and
offshore locations using sonic wave sensors (Ocean System Sensors, Sonic Wave XB). The sensors
were configured to record continuous surface water elevations at 32 Hz. A 5.8 m long Carolina
Skiff vessel fitted with a 90 HP outboard motor was piloted for 10 replicate passes at approximately
40 m from the shoreline with paths replicated by an onboard GPS. This process was repeated at
all four of the treatment sites and both control sites. The boat was travelling on plane at maximum
speed (~35 mph) for each pass to generate a wake signal common with recreational boating traffic
in the area. Raw wave data were filtered for outliers falling outside of 10 standard deviations
around a mean computed across a moving window of each 50 sample (1.6 s) period. Filtered data
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were processed using a smoothing function over 5 samples (0.16s) to remove millimeter scale
surface water fluctuations. A zero upcrossing method was utilized to isolate individual waves. For
analysis of the vessel generated surface water deformations, individual wakes were isolated for
both the offshore and onshore sensors. Maximum wave heights for these passes were determined
through identification of mean amplitudes of the three peak waves in each individual wave train.
To determine ambient conditions, smoothed data devoid of vessel wakes were sorted into 120
second moving average segments incremented by 30 seconds, over which wave statistics were
computed. Significant wave heights (𝐻𝐻𝑆𝑆 ) and corresponding wave periods were determined from

the mean of the highest 33% of identified waves in each moving average segment. Water levels
were observed offshore using HOBO U20L-004 water level loggers.

High resolution (~2-4 cm vertical tolerance) bathymetric data was collected utilizing a CHC X91+
Real Time Kinematic GPS (RTK) survey device. Over 380 points were surveyed by averaging 6
samples that were corrected through the Florida Department of Transportation’s Permanent
Reference Network (FPRN) which provided a network solution through a Global Navigation
Satellite System (GNSS) reference station network. Prior to deployment of the breakwaters,
transects were walked from the vegetated fringe of the shoreline out approximately 60 m seaward
with roughly 10 points taken for each transect. Spacing of transects was approximately 35 m apart.
Following deployment of the breakwaters, the oyster bags were surveyed to observe the changes
in bathymetry following the introduction of a slope break in the nearshore region. Point data were
imported into Geographic Information Systems (GIS) software and projected using NAD 1983
(2011) Florida State Plane East as the projection. Processing involved conversion of point data
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into an elevation surface through raster interpolation of points using the natural neighbor
algorithm. Slopes were determined through linear interpolation of 3 replicate segments extending
from the vegetation fringe seaward.

4.3 Results

Conditions across the treatment sites had some variability throughout the day with wind speeds
generally increasing as the sampling headed into the afternoon. At the Control South site, winds
started out in the morning at 8-9 mph originating out of the South-Southwest. Towards midday the
direction was static but the velocity of the wind increased slightly to 9-10 mph. The Control North
site saw winds of 6-10 mph throughout the day originating from the Northeast. Treatment 1 had
similar direction throughout the day with wind originating out of the South with speeds starting
out at 9 mph early in the morning but increasing to 10-11 mph into midday. Treatment 2 had
decreased wind speeds (7-8 mph) and a substantially different origin direction East-Northeast.
Treatment 3 and 4 both had large variations in their conditions throughout sampling. Treatment 3
began with 6mph winds originating out of the South-Southwest but fluctuated between 6 to 11
mph throughout the sampling with winds shifting to an Southeastern origin at the end of sampling.
Treatment 4 saw winds increase from the beginning of sampling at 7 mph increasing to 10 mph at
midday before falling back to 7 mph at the end of sampling with winds originating from the South
throughout the day. Water level data was utilized to analyze levels of submergence of the deployed
breakwaters over each sampling period (Figure 33).
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Figure 33: Water depth variation across treatment sampling sites

Treatment 1 saw breakwater submergence between 3 and 8 cm with boat wake data analyzed with
water depths of approximately 7 cm above the breakwaters. Treatment 2 saw a broader range of
depths with water levels from 3 to 11 cm above the breakwaters with water depths of 6 cm above
the bags during boat passes. Treatments 3 and 4 saw greater water depths throughout sampling due
to their offshore placements. Both Treatment 3 and 4 had submergence levels of roughly 20-30 cm
throughout the sampling periods and boat wakes were collected with approximately 19 and 20 cm
water depths, respectively.
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Ambient conditions were defined as periods of similar wind conditions (mean velocities ~9 mph
and origin directions ~180 degrees) where boat wakes were not present. Treatment 2 had slightly
lower windspeeds (7-8 mph) and a significant difference in origin direction (~70 degrees).
Offshore significant wave heights during measured ambient conditions had minor variation among
the sites. Treatment 3 experienced the largest ambient offshore significant wave heights (6.27 ±
0.47 cm) followed closely by Treatment 4 (5.3 ± 0.31 cm), Control North (4.93 ± 0.77 cm), and
Treatment 1 (4.68 ± 0.48 cm). Treatment 2 (3.84 ± 0.62 cm) and Control South (3.07 ± 0.77 cm)
had the lowest offshore significant wave heights with values over 40% lower than Treatment 3.

Figure 34: Ambient condition significant wave height reduction percentage
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Attenuation of significant waves during ambient conditions was fairly consistent for each set of
breakwater positions (Figure 34) with onshore block Treatments 1 (51.6 ± 4.5 %) and Treatment
2 (47.6 ± 6.4 %), and offshore blocks Treatment 3 (24.5 ± 5.7 %) and Treatment 4 (33.5 ± 8.0 %).
The Control North site (33.1 ± 14.3 %) showed a large degree of variation throughout the sampling
period with the Control South notably showing no discernable reduction (0.13 ± 11.6%).

4.3.1 Vessel Generated Wakes

The percentage reduction shows the Control North site and nearshore treatments displaying an
increased percentage of wave reduction when compared to the offshore treatment and Control
South sites (Figure 35).

Figure 35: Percent reduction of boat wakes from offshore to onshore
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Treatment 1 (57.4 ± 2.7%) and Treatment 2 (60.1 ± 4.5%) had the most significant attenuation
with the Control North site (45.2 ± 8.3%) showing slightly lower attenuation but higher variability
in its reduction values. Treatment 3 (27.6 ± 6.8%), Treatment 4 (34.1 ± 8.8%), and Control South
(35.7 ± 7.1%) had notably lower attenuation rates when compared to the other sites.

Offshore wave heights generated by the boat passes observe the Control North site (14.1 ± 1.9
cm), Treatment 1 (13.1 ± 2.4 cm), and Control South (12.91 ± 2.3 cm) having the largest wakes
(Figure 36). Treatment 2 (10.7 ± 1.1 cm), Treatment 3 (8.4 ± 0.9 cm), and Treatment 4 (10.2 ± 1.5
cm) had lower offshore wave heights despite the same distance, velocity, and vessel utilized for
each pass.

Figure 36: Offshore incident wave heights from boat passes
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The variation of offshore to onshore boat wake heights shows that greater offshore wave heights
do not always translate to elevated wave heights onshore (Figure 37). In addition, the variation in
wake height generated offshore shows a notable transition from North to South with the
Northernmost Control site exhibiting the largest offshore values which taper off heading to the
Southern sites. Both Control sites show the highest onshore wake heights with all of the treatment
sites having values reduced between 2 to 4 cm.

Figure 37: Offshore and Onshore boat wake heights across sites

In conjunction with surface water analysis, onshore directed maximum absolute velocities
comprising the V component of the ADV sampling during boat passes were used to determine
near-bed orbital velocities. Figure 38 displays increased onshore wake velocities with the largest
onshore velocities at the Control South site (21.8 ± 2.4 cm/s) followed by offshore blocks of
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Treatment 3 (19.2 ± 1.8 cm/s) and Treatment 4 (19.4 ± 2.5 cm/s). The Control North site (16.0 ±
1.6 cm/s) and Treatment 1 (15.31 ± 2.5 cm/s) were comparable with a noticeable reduction present
in the continuous onshore breakwaters of Treatment 2 (11.61 ± 0.8 cm/s).

Figure 38: Onshore boat generated orbital velocities

4.3.2 Onshore-Offshore Current Gradients

Longshore directed time-averaged velocities remained below 2 cm/s across all sites (Figures
39,40). The Control North site had minimal velocities (2.7 ± 1.8 mm/s) even as offshore velocities
increased to 7 cm/s. Onshore flows at the nearshore breakwater Treatment 1 (6.5 ± 1.8 mm/s) and
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Treatment 2 (5.6 ± 4.3 mm/s) were similar to the offshore breakwater deployments of Treatment
3 (4.8 ± 4.3 mm/s) and Treatment 4 (6.1 ± 3.7 mm/s).

Figure 39: Offshore-Onshore current velocities at discontinuous breakwater deployments

Figure 40: Offshore-Onshore current velocities at continuous breakwater deployments
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4.3.3 Bathymetric Data

The overall bathymetry across the transects taken for each site showed a gradual increase in
steepness when moving from the North to the South (Figure 41). The nearshore slope (0-10 m
from the shoreline vegetation fringe) increased in steepness from the northern control site to the
southernmost Treatment 4 (Figure 42).

Figure 41: Sitewide bathymetric map
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The Control North site (0.0279 m/m), Treatment 1 (0.0271 m/m), and Treatment 2 (0.0292 m/m)
all had similar gradients nearshore with the offshore breakwater sites of Treatment 3 (0.0374 m/m),
Treatment 4 (0.0350 m/m), and Control South (0.0303 m/m) showing the variation in gradient in
the southernmost treatments.

Figure 42: Nearshore (0-10 m) slopes across sites

On moving seaward from the edge of the nearshore slope limit (10-40 m) all of the treatment sites
show a similar reduction in their slopes to a gentler gradient (Figure 44). The Control North site
showed the mildest slope among the sites offshore bathymetry (0.0135 m/m). Treatment 1 (0.0160
m/m) , Treatment 2 (0.0153 m/m), Treatment 3 (0.0151 m/m), and Treatment 4 (0.0152 m/m) were
all similar in slopes with a very large increase in steepness in Control South (0.0209 m/m).
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Figure 43: Offshore slope (10-40 m) variation among sites

4.4 Discussion

Ambient conditions had minor variations throughout the sampling period that affected the wave
climate for both onshore and offshore conditions. Wind direction and velocity dictates fetch
distance over which waves will be generated and Treatment 2 exhibited the smallest offshore wave
heights (~40% lower than the Treatment 3) despite being located adjacent to Treatment 3 which
had the highest observed offshore wave heights. The winds in Treatment 2 originated from the
northeast which has a maximum fetch of approximately 250 m which is significantly smaller than
the 700+ m fetch from winds originating in the South- which were present during sampling among
the other Treatments. During ambient conditions, the nearshore breakwater deployments both
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displayed an increased ability to mitigate the ambient incoming waves as compared to their
offshore counterparts. Wave reductions were approximately 70% greater at the onshore sites and
can be attributed directly to the breakwater placement as the North Control site showed an average
reduction comparable to the offshore treatments. Common among the treatments was the
stabilizing effect that the breakwaters appear to provide. The Control North site showed marked
variation in significant wave height reductions where the treatment sites had much more stable
attenuation values. The South Control site saw the lowest levels of attenuation during ambient
conditions, with periods of increased onshore wave heights not observed in any of the other sites.
Boat wake reductions percentages varied across treatments with the nearshore treatments and
control site showing the highest percentage reductions. Notable is the wake heights which vary
substantially across the sites with the wake heights decreasing from the Control North site and
heading south. Considering the proximity of the boat passes to the offshore sensor (>10 m), two
factors could be considered responsible for this decaying wave height value. Firstly, the offshore
water depths at the northern end of the restoration are more shallow when compared to the southern
sites which could lead to increased bed interaction and wake heights. The second factor which
could be responsible is the variation of wind and current conditions among the various sites at each
of the treatment days during the passes.

Onshore wave heights across the northern sites (Figure 37) show the importance that the offshore
wave height has in relation to onshore heights. Despite higher offshore heights, Treatments 1 and
2 both showed the highest propensity for reduction of boat wakes and significantly exceeded and
Treatments 3 and 4 for respective onshore wave heights. With the Control North site having similar
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offshore heights to Treatment 1, the Control North site had 36% larger onshore waves showing the
effectiveness of the breakwaters in the nearshore positions. Treatments 3 and 4 showed the
importance of water depth over the breakwaters for reducing onshore waves. Both treatments had
wave heights that were slightly reduced, but the water depths above the bags were approximately
20 cm compared to 7 cm at the nearshore treatment sites. Offshore breakwater heights were
planned to coincide with low tides during the low water season in the lagoon, but due to extended
periods of precipitation in the preceding weeks to sampling, water levels were 10-15 cm higher
than typical for the time of year. Despite these elevated water levels form the offshore treatments,
both the Control South and Control North experienced larger onshore waves during boat passes
when compared to their adjacent treatment sites. Furthering this, when looking at the mechanisms
of nearshore energy within waves, maximum near-bed orbital velocities may help to characterize
the risk for shoreline erosion as these energetic events were observed to entrain sediment nearshore
across the sites. The northern sites have reduced orbital velocities compared to the southern sites
despite the lower offshore wave heights at these locations (Figure 38). It is notable that both of the
respective Control sites showed larger values of onshore orbital velocities compared to the
treatment sites. Replication of these passes with lower water levels for the offshore breakwater
deployments may yield further reductions in these onshore orbital velocities. Treatment 1 and
Treatment 2 had similar offshore wave heights and reduction percentages, yet the maximum orbital
velocity at the continuous breakwaters of Treatment 2 was almost 25% lower than its
discontinuous counterpart.
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The offshore-onshore velocities (Figure 39, Figure 40) detail the velocity gradients occurring
across the various treatment sites and show the response to increases in offshore currents. The
Control site has the lowest onshore velocities throughout the sampling even as velocities reach 7
cm/s offshore. The remaining sites all had elevated velocities in comparison to the Control North
and Control South sites showing the potential for preferential flow paths occurring in the presence
of the breakwaters. The Control sites also had the most significant changes in nearshore and
offshore bathymetry which may account for some of the observed differences in onshore current
statistics.

Slope variation among the sites was most pronounced from the more gradual northern sites to the
steeper southernmost treatments. The nearshore slope was similar among the three northern sites
with a gradual slope of approximately 0.028 m/m with a large difference in the southern two
treatments which had slopes around 0.036 m/m (Figure 42). The largest difference is shown in the
offshore slopes in which the Control South site has a much steeper offshore slope when compared
to the four treatment sites. The Control North site has a much milder slope which is in contrast to
the other sites. A sandbar was noted just to the north of the Control North site which could
potentially explain some of the larger attenuation values seen in the analysis as the slope seems to
have a large bearing on offshore to onshore attenuation rates of both waves and currents.
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4.5 Conclusion

In this study, a two-way block design experiment was carried out to assess the hydrodynamic
variations that occur based upon different configurations of wave break structures. All of the
deployments showed little differences in the longshore directed onshore flows. Notable differences
arose when looking at the wave reductions and boat wake passes. The unimpeded flows within the
two Control sites showed large onshore wave heights and corresponding orbital velocities when
compared to the treatment sites. Treatments 1 and 2 were able to attenuate the incoming waves
best among the Treatment sites, however; the offshore sites had much lower wake heights and
percent reductions were potentially smaller as a result. Additionally, the lower than expected water
levels means that subsequent sampling of these locations may show greater reductions. The orbital
velocities generated onshore show that the continuous span of breakwaters was able to reduce the
incoming boat wake energy to a greater extent than its adjacent discontinuous span of breakwaters.
While the offshore treatments were unable to achieve the low orbital velocities observed in their
neighboring onshore deployments, their observed values were still much lower than those observed
at the Control South site. Some of these variations in the sites may also be explained by the
bathymetric differences observed. The much steeper nearshore slopes among the offshore
treatments and the southern control site may show the importance of slope for attenuation of both
currents and waves. Further investigation into the long term effects and potential for sediment
deposition leeward of the bags may be fruitful to determine their effectiveness in both reducing
nearshore waves and velocities, along with promoting seaward expansion of the shoreline.
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CHAPTER 5: CONCLUSION

The main objective of this thesis is the analysis of hydrodynamic and bathymetric gradients within
various shoreline and oyster sites within Mosquito Lagoon, Florida. Shoreline degradation is
recognized as a crucial issue with sea level rise and eutrophication contributing to declines in local
ecosystems and increases in erosion rates within coastal regions. Typical solutions for shoreline
erosion involve the deployment of hardened structures including seawalls and revetments.
However, due to the negative impacts to both ecosystems and adjoining shorelines, recent
approaches in shoreline protection have moved towards a “soft armoring” technique of living
shorelines. The hydrodynamic changes occurring following the implementation of a living
shoreline were monitored with experiment using a Before-After-Control-Impact design. A
degraded shoreline was restored using living shoreline techniques including planting emergent
vegetation and deploying biogenic breakwaters and compared against an unrestored degraded
shoreline and a stable reference site populated by mature mangrove stands. Hydrodynamic
measurements comprising: channel and shoreline velocities and surface water deformations using
high resolution acoustic doppler instrumentation, water level variations from pressure sensors, and
wind speeds and directions from a directional anemometer were analyzed over the course of 16
months to assess the changes occurring as a result of the living shoreline restoration. Additionally,
vegetation coverage statistics and sediment data comprising grain size distribution and organic
matter content were recorded throughout the sampling periods. The Restore site was found to
initially have increased velocities onshore, but subsequent vegetation growth led to substantial
attenuation of onshore flows 16 months after restoration. Wave data collection exhibit the
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dominance of the breakwater structure for wave attenuation with attenuation rates exceeding 80%
with freeboard levels increasing relative to the breakwater crest. TKE dissipation results indicate
that the presence of obstructions to the flow within the Reference and Restore site led to increases
in dissipation rates onshore. These results were true for both ambient conditions and during a series
of replicate boat wake passes performed in 2018.

The topographic effects of both shoreline and oyster reef restorations were observed through
surveying of multiple sites within the Indian River Lagoon utilizing an RTK GPS. Point data were
collected for transects across each site with data realized using GIS software. Two distinct
morphologies were present among the oyster reefs, radial and bankside. Radial morphologies
generally corresponded to regions with decreased hydrodynamic conditions and bankside reefs
were located along channels with increased forcings. Shoreline sites displayed differences in
stabilization techniques with the slopes along the TM Restore and shoreline Restore site being
much milder in comparison to the TM Seawall site. The TM Seawall site contained the largest
onshore slope and visual evidence of scour was confirmed through bathymetric results. Vegetated
sites provided more accretion as was evidenced by the mild slopes contained at each of the
locations surveyed.

A two way, block controlled experiment was performed to assess the hydrodynamic variability
occurring within various configurations and locations of breakwater structures within a contiguous
shoreline extent. Treatment sites included both nearshore and offshore deployments of contiguous
and discontinuous breakwater structures and two controlled sites with no structural component.
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The absence of a structure at the two control sites observed the largest onshore wave heights and
orbital velocities as compared to site protected by breakwaters. The onshore locations of Treatment
1 and Treatment 2 were best able to reduce wave energies in both ambient and during boat wake
passes. Offshore locations provide some protection when compared to the control location but
significantly lower than the onshore locations.

5.1 Significance and future research

Erosion to shorelines is recognized as being a major issue exacerbated by sea level rise and coastal
development. Wave energies are generally reflected by hardened structures typically utilized to
protect nearshore assets in addition to creating a disconnect between the marine and terrestrial
ecotone. As such, living shoreline restoration techniques which promote native regional vegetation
and shelter juvenile species while stabilizing shorelines through reduced hydrodynamic forcings
can be a better solution. Minimal field data exists for these restorations, and this research can
provide environmental managers a framework with which to set expectation from the first year
and a half of restoration. Bathymetric data can elucidate the relationship with various shoreline
and oyster reef morphologies and how development of these sites occurs under different
hydrodynamic conditions. Finally, the data collected from various deployment and configurations
of breakwaters may aide future restoration projects in determining an appropriate balance between
hydrodynamic attenuation and shoreline expansion.
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APPENDIX: SEDIMENT DISTRIBUTIONS
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Table 7: Shoreline Onshore sediment data
Site-Date
Control Before
Control High Water 2017
Control Low Water 2018
Control High Water 2018
Restore Before
Restore High Water 2017
Restore Low Water 2018
Restore High Water 2018
Reference Before
Reference High Water 2017
Reference Low Water 2018
Reference High Water 2018
TM Seawall Aug-17
TM Restore Aug-17
TM Restore Nov-17
TM Restore Jun-18
TM Seawall Nov-17
TM Seawall Jun-18

D16 (mm)
0.25
0.31
0.18
0.29
0.30
0.23
0.24
0.23
0.13
0.31
0.15
0.16
0.23
0.20
0.19
0.17
0.28
0.54
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D50 (mm)
0.46
0.54
0.38
0.51
0.49
0.60
0.42
0.40
0.32
0.67
0.37
0.36
0.71
0.70
0.58
0.33
0.89
1.65

D84 (mm)
0.79
2.05
4.97
1.53
7.82
8.89
6.12
6.18
0.83
0.95
0.88
1.68
6.51
7.17
2.22
2.10
6.16
6.68

Table 8: Shoreline Offshore sediment data
Site-Date
Control Before
Control High Water 2017
Control Low Water 2018
Control High Water 2018
Restore Before
Restore High Water 2017
Restore Low Water 2018
Restore High Water 2018
Reference Before
Reference High Water 2017
Reference Low Water 2018
Reference High Water 2018
TM Seawall Aug-17
TM Restore Aug-17
TM Restore Nov-17
TM Restore Jun-18
TM Seawall Nov-17
TM Seawall Jun-18

D16 (mm)
0.19
0.16
0.15
0.16
0.15
0.15
0.13
0.88
0.14
0.16
0.16
0.15
0.24
0.21
0.23
0.18
0.23
0.22
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D50 (mm)
0.37
0.33
0.33
0.23
0.58
0.34
0.22
0.21
0.22
0.37
0.23
0.22
0.78
0.82
1.14
0.37
0.70
0.56

D84 (mm)
0.57
0.89
0.41
0.73
20.29
0.84
0.91
0.15
0.43
2.25
0.41
1.98
4.59
4.64
6.34
2.12
2.32
1.63

Table 9: Oyster Onshore sediment data
Site-Date
Restore 1 Jul-18
Restore 8 Jul-18
Dead 4 Jun-17
Restore 1 May-17
Dead 4 Nov-17
Live 4 Nov-17
Restore 1 Nov-17
Restore 8 May-18
Dead 1 May-18
Live 4 Jul-17
Marvel Jun-18
Pufferfish Jul-18
Live 4 Jun-18

D16 (mm)
0.083
0.1
0.25
0.12
0.16
0.12
0.13
0.13
0.084
0.086
0.3
0.098
0.13

D50 (mm)
2.02
2.03
0.36
0.43
0.48
0.41
2.08
1.76
0.98
1.95
5.09
1.33
1.15

D84 (mm)
19.17
8.76
14.15
14.58
8.34
19.49
8.85
8.95
8.75
14.64
20.35
9.06
20.68

Table 10: Oyster Offshore sediment data
Site-Date
Restore 1 Jul-18
Restore 8 Jul-18
Dead 4 Jun-17
Restore 1 May-17
Dead 4 Nov-17
Live 4 Nov-17
Restore 1 Nov-17
Restore 8 May-18
Dead 1 May-18
Live 4 Jul-17
Marvel Jun-18
Pufferfish Jul-18
Live 4 Jun-18

D16 (mm)
0.16
0.16
0.16
0.13
0.16
0.19
0.16
0.15
0.16
0.17
0.14
0.16
0.17
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D50 (mm)
0.22
0.21
0.2
0.36
0.32
0.51
0.22
0.21
0.23
0.34
0.23
0.2
0.26

D84 (mm)
2.29
0.77
0.25
2.33
6.51
2.25
2.23
0.69
4.85
3.16
5.51
0.35
21.86
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